Studies of polymer compatibility. by Alexandrovich, Peter Steven
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-1978
Studies of polymer compatibility.
Peter Steven Alexandrovich
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Alexandrovich, Peter Steven, "Studies of polymer compatibility." (1978). Doctoral Dissertations 1896 - February 2014. 625.
https://scholarworks.umass.edu/dissertations_1/625

STUDIES OF POLYMER COMPATIBILITY
A Dissertation Presented
By
Peter Steven Alexandrovich
Submitted to the Graduate School of the
University of Massachusetts in partial fulfillment
• of the requirements for the degree of
DOCTOR OF PHILOSOPHY
May 1978
Department of Polymer Science and Engineering
© Peter Steven Alexandrovich 1978
All Rights Reserved
ii
STUDIES OF POLYMER COMPATIBILITY
A Dissertation Presented
By
Peter Steven Alexandrovich
Approved as to style and content by:
Dr. William J. MacKnight, Chairperson of Committee
i
Dr. Frank E. Karasz, Member
.A ,J ' —
Dr. Richard S. Stein, Member
Dr. Allan S. Hay, Member
Dr. William J. MacKnight, Department Head
Department of Polymer Science and Engineering
ACKNOWLEDGEMENTS
I would especially like to thank Professors Karasz and
MacKnight for their helpful suggestions and guidance. A
number of fellow graduate students were graceful enough to
lend me large segments of their time to assist with my
experiments. Thanks are thus extended to Bob Jenkins, Tom
Russell, Paul Gilmore, John Chandler and Dave Tirrell. I am
especially grateful for the help of two summer fellows,
Randy Snyder and Jeff Gelorme. Others too numerous to
mention are appreciated for assistance
, useful comments , and
general friendliness . Finally , I would like to thank the
Department of Polymer Science and Engineering for the
opportunity to work and study, and for financial support.
iv
ABSTRACT
Studies of Polymer Compatibility
(May 1978)
Peter Steven Alexandrovich
,
B.S.,
Rensselaer Polytechnic Institute, M.S., Ph.D.,
University of Massachusetts
Directed by: Professor William J. MacKnight
The compatibility of a series of amorphous
polymer/polymer mixtures has been studied by a number of
experimental techniques, comprising primarily differential
scanning calorimetry (DSC) and frequency plane dielectric
measurements . Compatible systems considered include b lends
of poly ( 2 , 6-dime thy 1-1 , 4-pheny lene oxide) (PPO) with
polystyrene (PS) , and with random copolymers of
parachloros tyrene and styrene (P(pCS-S)) , orthochlorostyrene
and styrene (P(oCS-S)) and parachloros tyrene and
orthochlorostyrene (P(pCS-oCS)) . The pair
polystyrene/poly (orthochlorostyrene) (PS/PoCS) has been
found to be miscible. Incompatible blends of
poly (parachloros tyrene) (PpCS) with both PS and PPO, and
incompatible PoCS/PPO mixtures have been treated for
comparison
.
Chlorostyrene homopolymers and copolymers were
prepared by free radical solution polymerizations of the
v
vi
corresponding vinyl type monomers. Characterization of the
resultant materials included assessment of copolymer
compositions, and determination of molecular weights by
viscosity and gel permeation chromatography.
Compatibility of a blend was evidenced by the
observation of a single glass transition at a
compositionally dependent temperature (T ) in DSC
measurements. The transitions of single phase blends were
broader than those of the pure materials, indicative of a
distribution of environments on a molecular scale. The T ' s
9
of compatible blends were found to be depressed compared to
predictions of additivity based upon pure component values.
The observation of a two phase blend by detection to two
T 1 s was accompanied by loss of the optical clarity of
y
films
.
Phase separation at elevated temperatures , indicative
of the existence of lower critical solution temperatures
(LCST's) , was observed for a number of the blends. The
appropriate annealing experiments in the calorimeter allowed
bracketing of the phase separation temperatures, and
construction of phase diagrams. Such LCST behavior was
found to be reversible for blends of PPO with P(pCS-oCS),
P(pCS-S) or P(oCS-S) copolymers. Compatibility was studied
as a function of copolymer composition. The phase
separation temperature was approximately that of the PPO Tg
(220°C) for P (pCS-oCS) /PPO blends when the copolymer
Vll
composition was 0.2 3 or 0.6 5 mole fraction pCS , and rose to
about 300°C at about 0.4 0 pCS content. Copolymer
compositions outside of this range, including homopolymers
PpCS and PoCS
,
formed two phase blends with PPO. For the
systems P(pCS-S)/PPO and P(oCS-S)/PPO the LCST dropped from
the range of degradation temperatures (above 300°C) to the
PPO T
g
(2 20°C) as the chlorostyrene coraonomer content of the
copolymer blend component was increased from approximately
0.6 to 0.75 mole fraction. PS/PoCS blends exhibited
irreversible LCST behavior, substitution of low molecular
weight polystyrenes yielded highly compatible non-phase
separating mixtures.
Dielectric a dispersions of compatible blends were
found to be broader than those of the pure materials, with
the exception of the low molecular weight PS/PoCS mixtures.
The width of the dispersion was taken to be a measure of the
level of mixing on the molecular scale. Phase separation
above an LCST was accompanied by the collapse of loss
curves. Effective dipole moments per monomer unit were
calculated, and found to be independent of mixing. This was
contrasted to the case of the chlorostyrene copolymers where
"mixing" of comonomers in the polymer chain led to angular
correlations and an increase in the dipole moment over
additivity. The copolymer dipole moments were related to
the calculated chemical sequence distributions. Various
empirical relations were fit to both blend and pure material
data, as a relative measure of the shapes of the
dispersions. Conductivity losses due to PPO were describe
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
The purpose of the work to be described in this disserta-
tion is the physical characterization of polymer/polymer
mixtures. The compatibility of polymer blends has been
studied with the intent of casting information obtained (on
the molecular level whenever possible) in terms of structure-
properties type relationships. The properties are the mis-
cibility of blends and thus related effects as evidenced by
experimental techniques, with the structure being the chemical
and physical characteristics of the materials being mixed,
the composition of random copolymers being the usual variable.
In the course of the investigation phase separation phenomena
were observed and characterized. No attempt was made to
evaluate the various theories applicable to polyblends, but
in light of the observed behavior it is necessary and highly
instructive to discuss the basic principles, and especially
the predictions, of the theoretical treatments of the polymer
mixing problems.
In this chapter general thermodynamic considerations
will be discussed, as well as the important results of polymer
mixing theories. A wide variety of experimental observations
of polyblends will be reviewed, as a preface to the discussion
of the properties of the polymer blends examined in this work.
General Thermodynamic Considerat- 10ns
A necessary condition for the thermodynamic stability
of a mixture is that the Gibbs potential function (the free
energy) of mixing be negative. The expression for the Gibbs
function of mixing in terms of the molar enthalpy, absolute
temperature, and molar entropy is: 1
* gm
= Ahm - T A sm a
It is the object of theoretical treatment to thus be able
to calculate the enthalpy and entropy of mixing. The most
common observation made when studying blends of two randomly
selected polymers is a two phase mixture, compatibility is the
exception, not the rule. 2 It will be seen shortly that this
is due to a small entropy of mixing, thus polymers display
mutual solubility when the enthalpy of mixing is favorable.
An important distinction to be made at this point is
that a negative Gibbs free energy of mixing is only a neces-
sary condition for the stability of a mixture. A necessary
and sufficient condition for mixing in all proportions is that
the following inequality be satisfied: 1
2
3 g
0 (1.2)
2
3 x.
The graphical interpretation of this requirement is that the
free energy as a function of composition must be convex down
wards
.
3On a temperature versus composition plot (phase diagram)
,
the curve that separates a stable mixture from a metastable
mixture is called the binodal; the binodal is defined as the
locus of points where the first derivative of the free energy
with respect to composition is equal to zero. The metastable
region is separated from the unstable region by a curve which
lies within the binodal, called the spinodal. The spinodal is
defined by setting the second derivative of the free energy
to zero. The critical (or consolute) point is that at which
both the second and third derivatives of the free energy with
respect to composition equal zero.
Figure 1.1 illustrates two possible phase diagrams for
liquid mixtures; the binodals are the solid lines, the spino-
dals are dashed. Mixtures which become soluble upon eleva-
tion of the temperature display the type of phase diagram
illustrated in the bottom of Figure 1.1. The consolute point
for this situation is called the upper critical solution
temperature (UCST) . Stable solutions which phase separate
upon elevation of the temperature exhibit the behavior shown
in the top curve of Figure 1.1, the consolute point is now
termed the lower critical solution temperature (LCST) . Poly-
mers mixed with low molecular weight solvents commonly
exhibit both types of phase behavior. For example, Konno et
al. discuss polystyrene solutions which exhibit UCST or LCST
phenomena, Izumi and Mikake 4 report on the behavior of poly
(parachlorostyrene) in 90 solvents, some of which form
COMPOSITION
Figure 1 . 1 Representative phase diagrams
5solutions that exhibit both a UCST and an LCST. in the
experiments conducted in this work, polymer/polymer mixtures
displaying LCST behavior have been uncovered.
Polymer Mixing Theory
A detailed discussion of the large volume of literature
on polymer solution thermodynamics is beyond the scope of
this work, only some of the major applicable results are
discussed here. General reviews by Patterson 5 and Flory 6
are recommended. The early treatment of the polymer solution
problem is attributed largely to Flory 7,8 and Huggins 9-11
(F-H theory)
. The most important aspect of their work was
the extension of the combinatorial entropy of mixing expres-
sion to polymers. Although the shortcomings of the F-H theory
are now well known, it still remains the major contribution
to the field in providing the qualitative understanding of the
role of entropy in the dissolution of polymers. The heat of
mixing was treated by counting the number of molecular contacts,
the x interaction parameter describes the energetics of poly-
12mer-solvent type contacts ; see for example Hildebrand et al.
for a description of this kind of procedure. Volumes of
mixing were assumed to be zero, expressions were given for the
13chemical potential, osmotic pressure, and the like. Scott
extended the F-H treatment to polymer/polymer mixtures, in
2the form given by Krause the expression for the free energy
of mixing two polymers is
:
6AG
m
= RTV
(1.3)
V - total volume
V
r
- reference volume (repeat unit vol.)
v
a '
v
k
- volume fractions
x
a '
xb - degree of polymerization
Xab - interaction parameter
R - gas constant
It is seen that as the length of the molecules increase, the
first two entropic terms of relation 1.3 approach zero. For
high molecular weight polymers, the x's may be considered
essentially infinite, thus polymers will mix only when the
interaction parameter is favorable. This situation is equi-
valent to saying that as the chain lengths of the species
approach those of high polymers, the entropy of mixing goes
to zero, thus a negative free energy of mixing can be achieved
only when the heat of mixing is zero or negative.
Refinements of the F-H theory were made to include things
such as dilute solutions and concentration dependent interac-
tion parameters, among others. However, the F-H theory can
only account for upper critical solution temperature behavior,
the incorporation of volume into any treatment is necessary
to predict phase separation at a lower critical solution
temperature. The so called "equation of state" theories do
so; as applied to pure fluid materials they describe the
7complete pressure-volume-temperature relationships. Discus-
sion here will center on results for polymer blends as des-
cribed by McMaster 14 using the Flory equation of state, and
Sanchez. 15-18
19-21Flory et al
.
developed a statistical thermodynamic
theory, which when applied to mixtures is able to account for
volume changes on mixing and lower critical solution tempera-
9
ture phenomena. Predictions for mixtures depend primarily on
the equation of state parameters for the pure materials,
however, the concept of an interaction parameter is retained.
Experimental observations for polymer/solvent solutions
including both negative and positive volume changes on mixing
22
were well described by the theory, extension was made to a
23polymer/polymer mixture.
14McMaster , however
,
applied the concepts of Flory in
great detail to polymer blends; he extracted a number of
important results from numerically calculated hypothetical
phase diagrams, which are summarized here. Lower critical
solution temperature behavior should be generally anticipated
for polymer blends, and the simultaneous existence of both
an LCST and a UCST should be rare. Binodal and spinodal
curves should show some skewness towards low weight fractions
of the higher molecular weight component, specific interac-
tions tend to flatten them out. For polydisperse mixtures,
the critical point may not be at the extrema of the phase
diagrams, but on either of the ascending branches of the LCST
8typespinodal. The thermal expansion coefficients must be
closely matched for the polymers to show significant mutual
solubility; small differences in the thermal expansion coeffi-
cients are responsible for LCST behavior. Negative excess
volumes of mixing, and negative excess entropies of mixing
(unfavorable) are expected. it must be noted that the combina-
torial entropy of mixing is always positive (favorable)
although small for polymers. Finally, experimental LCST
behavior for a number of polyblends was primarily in agree-
ment with theoretical predictions.
The predictions of the Sanchez theory are in qualitative
agreement with those of McMaster-Flory ; three similar equa-
tion of state parameters describe each fluid material, however,
the surface area correction term of Flory, which has been
treated as an adjustable parameter to fit data, 22 is implicitly
included in the Sanchez treatment. The Sanchez-Lacombe
equation of state"*"^'^" 7 for pure fluids was generalized for
mixtures through the use of a series of combining rules,
phase behavior was predicted by examination of the spinodal.^
Satisfaction of the following spinodal inequality leads to
(meta) stable mixtures:
5 (2 X T*
2P%> <
-sjlp + (1 . 4)
P , V , T - equation of state parameters
p = V /V - reduced density
T = T/T - reduced temperature
9X - interaction parameter
3 - compressibility
$2 - term containing volume parameters
r
l'
r
2 ~ chain lengths
*1' *2 " volume fractions
The right hand side of 1.4 is a combinatorial entropy
of mixing type expression, the term containing x is enthalpic
in nature, the term containing 0 is an entropic term encompas-
sing "equation of state" contributions. By considering infer-
red temperature dependences of the terms on the left hand
side of equation 1.4, five basic types of phase diagrams were
predicted, all of which exhibit LCST behavior. 16 The situa-
tion predicted for most pairs is an hourglass type of phase
diagram, where the UCST and LCST have coalesced; such incom-
patible polymers are still thus theoretically predicted to
mix at extremely low concentrations of either component. The
theory describes well experimental data of solutions of low
molecular weight materials, polymers are predicted to mix
when the equation of state parameters for each pure component
are closely matched. The LCST is lowered, while the UCST
rises with an increase in molecular weight. An increase in
pressure should initially increase an LCST, the UCST is not
affected as greatly. If accurate P-V-T data are obtained
for pure polymers, equation of state parameters can be
calculated and compared, in this manner the theory might be
18
used to screen for the possibility of compatible pairs.
10
The concept of solubility parameters deserves mention
at this point. For a low molecular weight solvent, the solu-
bility parameter 6 can be determined from the heat of
vaporization of the liquid; 6 is related to the so called
cohesive energy density. 12 Stable mixtures are expected when
6 values of two materials are close, especially so for poly-
2
mers; this is a mathematical expression of the idea "like
dissolves like." When broken up into three parts, thus
separately considering factors of hydrogen bonding, dipole
interactions, and dispersion forces the concept has found
great practical use; the bahavior of mixed solvents for
O A
example is predicted. Krause describes the solubility
parameter concept as applied to polymer mixtures, 6 values
for polymers are calculated via summation of group contribu-
2 25tions. Caspar and Morbitzer even explain LCST behavior
of polymer blends by ascribing temperature dependence to the
solubility parameter. However, the solubility parameter con-
cept does little for understanding the thermodynamics of
mixing, and even does poorly in predicting miscible polymer
pairs
.
Experimental Observations of Polymer Blends
PS/PPO and related systems . The work presented in this
dissertation describes polymer blend systems most of which are
chemically related to the well known miscible pair polystyrene
(PS) /poly (2, 6-dimethyl-l, 4-phenylene oxide) (PPO) . The
11
compatibility of the PS/PPO system is demonstrated by the
observation of a single intermediate glass transition for a
2 6 27
mixture;
'
this is the commonly accepted experimental
definition of polymer compatibility. 2 ' 28 visual clarity of
PS/PPO blends is also observed, but this cannot be used as
an absolute criteria to judge mutual miscibility since small
phase sizes and matched refractive indexes might cause a phase
separated mixture to appear clear. For PS/PPO blends, a
single glass transition temperature (T ) has been observed by
a variety of techniques. Differential scanning calorimetry
(DSC) reveals a single step change in the heat capacity, 27,29
dynamic-mechanical measurements 29 and dynamic dielectric
measurements 30 indicate a blend a relaxation at temperatures
intermediate to those for pure PS and PPO. Wellinghoff et
31
al. attribute band shifts in infrared and ultraviolet
spectra to specific interaction between the phenyl ring of
PS and the phenylene group of PPO, indicating this as the
driving force behind the mixing of the polymers. Consistent
3 2with this observation, Weeks et al. have found a small
negative heat of mixing via Hess's law subtraction of heats
33
of solutions of the pure and blended materials. Jacques,
27 34Fried and Yee find the compatibility of the pair results
in an increased density of blends over that expected by
additivity of volumes. Semi-crystalline PS/PPO blends may be
prepared by either employing isotactic polystyrene (iPS) , or
exposing samples to certain solvent vapors which induce PPO
12
crystallinity. Melting point depressions are observed, while
the amorphous phase remains a homogeneous PS/PPO mixture. 35
The melting point depression may be due to an observed
decrease in lamellar thickness (for iPS) with increasing PPO
content. 36 Blends of PS and PPO form the basis of a commer-
cial engineering thermoplastic, Noryl resin of the General
Electric Company. Kramer 37 and Hay 38 discuss this material.
The polystyrene phase of styrene-butadiene-styrene (SBS)
block copolymers will also solubilize PPO, thus toughening
and raising the softening temperature of these materials. 39 ' 40
Fried has given a thorough review of the properties of PS/PPO
blends. 27
Chemical modification of either PS or PPO changes the
miscilibity of the pair. Shultz and Gendron 41 report that
the substitution of a phenyl group for one of the methyl
groups of PPO results in a polymer that is not miscible with
PS, but which will mix with the "parent" PPO. Placement of
a chlorine atom on the PS phenyl ring in the 2 or 4 position
to form either poly (orthochlorostyrene) (PoCS) or poly
(parachlorostyrene) (PpCS) inhibits the formation of a
homogeneous mixture with PPO. Styrene may be copolymerized
with 4-chlorostyrene to form random P(pCS-S) type copolymers,
which will mix with PPO at low enough chlorine content.
Tkacik 4 "*" has studied such blends by dynamic-mechanical and
27dielectric techniques, and calorimetry. Fried and Shultz
and Beach 42 have ascertained that a rather abrupt shift from
13
copolymers that are miscible with PPO to those whioh are not
occurs over a short span of copolymer composition, when the
chlorostyrene content exceeds roughly 68%. Shultz and Beach
also applied a technique called thermo-optical analysis to
demonstrate that a single T
g
was exhibited by compatible
blends. This consists of scratching the surface of the
sample to induce orientation, followed by the observation of
the resulting birefringence as a function of temperature; at
T
g
the orientation is relaxed. This had previously been
applied to assess the compatibility of PS/PPO mixtures. 47 The
experiments described in this dissertation further explore
the compatibility of PPO with chlorinated styrene materials.
Phase separating polymer blends . In the relatively recent
literature a number of compatible polymer blends have been
shown to undergo phase separation at elevated temperatures,
indicating that a lower critical solution temperature has
been exceeded. This behavior has been observed in this work,
thus a review of the findings of others is appropriate.
The first report of such thermally induced phase
separation of polyblends was for mixtures of polystyrene with
poly (vinyl methyl ether) (PVME) . Bank et al. 44 found that
single phase mixtures could be produced by evaporating solvent
from toluene or benzene co-solutions, heterogeneous mixtures
resulted from preparation of films by casting similarly from
chlorinated alkanes. DSC measurements on the clear films
obtained from toluene solution indicated a single mixed T
,
although dielectric relaxation experiments indicated slightly
inhomogeneous mixtures. Further experimentation demonstrated
that such apparently compatible blends could be clearly phase
separated by heating to temperatures higher than about 125°C,
subsequent rapid cooling to below the glass transitions of
the materials resulted in the freezing in of the two phase
45
structure. The phase separation was found to be reversible
if the heterogeneous material was instead cooled slowly.
Broad dielectric dispersion curves for the single phase blends
narrowed sharply after phase separation, and moved to higher
frequencies consistent with the lower T of the polar PVME
g
4 6Kwei et al. found that the PS/PVME blends were densi-
fied, similar to the behavior of PS/PPO mixtures. Interaction
parameters were determined from vapor sorption measurements,
the negative values inferred were consistent with the observed
miscibility of the materials. Furthermore, temperature
dependences of such interaction parameters indicated that a
UCST might exist as well as the observed LCST. Pulsed
nuclear magnetic resonance (NMR) measurements of spin-lattice
and spin-spin relaxation times pointed to microheterogeneity
,
the conclusion was reached that the apparently compatible
materials are not mixed on a "segmental" scale. Further
experimentation by microscopic, turbidometric and NMR methods
was able to distinguish between two modes of phase separa-
tion. 47 Phase separation in the metastable region between the
15
binodal and spinodal was indicated to occur by a nucleation
and growth mechanism, while within the spinodal phase separa-
tion apparently occurred by a more rapid mechanism, termed
spinodal decomposition. With the latter mechanism, distinc-
tive "uphill" diffusion was found to occur. An important
result of such phase separation is the production of a
morphology characterized by interconnected phases. Theoreti-
cal analysis of the spinodal decomposition process has been
4 8 4 9done by Cahn.
' Crossing into the unstable region at the
spinodal, the diffusion coefficient changes sign, and the work
of forming a nucleus becomes zero. At the initial stages of
separation structures of well defined periodicity should be
formed, and the compositions of phases should change gradually
with time. Nucleation and growth is characterized by a con-
stant composition of the precipitant phases. Kwei et al. 50
further considered the compatibility of PS/PVME blends as a
function of the PS molecular weight. The "cloud point" indi-
cative of phase separation moved rapidly to higher tempera-
tures at low PS chain lengths.
The effect of the solvent on the compatibility of the
PS/PVME system has been considered in detail by Robard and
- ,
51Patterson.
52McMaster conducted studies of the kinetics of phase
separation above an LCST for compatible blends of poly (methyl
methacrylate) (PMMA) with an acrylonitrile-styrene random
copolymer. Transmission electron microscopy was used to
16
monitor phase size as a function of time and temperature,
results were consistent with the theoretical predictions of
the spinodal decomposition mechanism. The cloud point
technique was also used to construct phase diagrams. McMaster14
also reports LCST behavior for blends of polycaprolactone
(PCL) with an acrylonitrile-styrene copolymer.
The ease of studying the phase separation of polymer
blends by the onset of turbidity (cloud point) was demonstrated
by Bernstein et al. 53 Blends of polycarbonate (Lexan
, General
Electric) and PCL
,
and blends of poly (vinylidene fluoride)
(PVF
2 )
with either poly (methyl acrylate)
, poly (ethyl acrylate)
,
poly (methyl methacrylate) (PMMA) or poly (ethyl methacrylate)
(PEMA) all were thus established to exhibit lower critical
solution temperature behavior. Reversal of the phase separa-
tion process was achieved by slow cooling, as indicated by
the reformation of optically clear materials. Paul et al. 54,55
further studied the compatibility of PVF
2
with PMMA and PEMA
by dynamic-mechanical methods and calorimetry. The crystal-
Unity of PVF^ was found to somewhat obscure the results,
however, single mixed transition behavior was observed. Nishi
and Wang 5 ^ inferred a negative interaction parameter for the
PVF^/PMMA system through consideration of the melting point
depression.
57As a final example, Koningsveld reports thermally
induced phase separation occurs for compatibile butyl rubber/
EPDM terpolymer blends. The LCST type behavior does indeed
17
appear to be a general phenomena for miscible polymer
mixtures
9
Compatibility of copolymer system* The study of the irascibi-
lity of polymer pairs when one of the components is a random
copolymer, as a function of copolymer composition, is a major
emphasis of this work. A discussion of similar examples found
in the literature is thus made here.
Krause and Roman 58 prepared both random copolymers of
isopropyl aery late and isopropyl methacrylate
, and blends of
the respective homopolymers
. The dilatometric T
g
• s of the
resulting compatible blends were identical to those of the
copolymers of the same relative composition. The same behavior
has been found in this work for styrene and orthochlorostyrene
copolymers and homopolymer blends.
Compatible blends involving copolymers have already been
discussed in the previous section, examples being the miscibi-
lity of both PMMA and PCL with styrene-acrylonitrile copolymers
For both cases the respective homopolymers apparently do not
mix with the other blend component. This situation is also
observed for compatible blends of poly (vinyl chloride) (PVC)
58 59with ethylene-vinyl acetate copolymers, ' and PVC with
acrylonitrile-butadiene copolymers. 60,61 PVC is not miscible
2
with the four respective homopolymers. In this work, PPO
has been found to mix with parachlorostyrene-orthochlorostyrene
copolymers of a certain range of composition; PPO is not
compatible with either PpCS or PoCS.
18
As a final observation, considerations of polymer
compatibility are important in the homogeneity of random
copolymers themselves. If the two homopolymers are incompa-
tible, copolymers between the respective monomers may be
heterogeneous if they contain a broad distribution of compo-
sitions, as might be caused by excessive drift during a non-
ideal copolymerization. Landi has experimentally observed
such heterogeneity in butadiene-acrylonitrile copolymers, 62
Koningsveld et al. 63 have treated the problem theoretically.
19
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JCHAPTER II
MATERIALS
Introduction
Discussion of the preparation and characterization of
the polymers used throughout the rest of this dissertation is
the purpose of this chapter
. Poly ( 2 , 6-dimethy 1-1 , 4-
phenylene oxide) (PPO) and various polystyrenes have been
obtained from commercial sources, the characterization of
these materials is described. Homopolymers poly
(parachlorostyrene)
,
poly (orthochlorostyrene)
,
and poly
(metachlorostyrene) have been synthesized by free radical
techniques from the corresponding commercially obtained
monomers. Three series of random copolymers of varying
composition have been prepared in a similar manner,
comprising eleven poly (parachloros tyrene-co-
orthochlorostyrene)
, thirteen poly (parachlorostyrene-co-
styrene) and six poly (orthochlorostyrene-co-s tyrene) type
materials
.
Characterization information includes molecular weights
as indicated by intrinsic viscosity measurements and gel
permeation chromatography. Preparation of blends is
described. A small number of other polymers used are
similarly presented
.
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Poly (phenylene oxides)
The structure of the repeat unit of poly ( 2 , 6-dimethyl-
1,4-phenylene oxide) (PPO) is given in Figure 2.1. a. PPO in
powder form was obtained from the General Electric Company,
courtesy of Dr. A. Katchman. The material used in this work
is from the same batch used by Fried, 1 Tkacik, 2 and Kleiner 3
in previous studies at the University of Massachusetts.
The history and basic chemistry of PPO polymerization
4is reviewed by Hay. Poly (phenylene oxide) polymers are
prepared by oxidative coupling polymerization of the
corresponding phenols, using cuprous salt - amine catalysts.
The 2,6-dimethyl substituted material, denoted PPO in this
study, is thus prepared from 2,6-xylenol. The characteristic
yellow color of the bulk material or its solutions is due to
trace amounts of the corresponding tetramethyl
diphenoquinone
, a competitive reaction product. The
mechanism of the step growth polymerization reaction is
5 6discussed in polymer chemistry texts . '
The PPO powder as obtained displays a melting endotherm
on initial heating in a scanning calorimeter , however , once
melted the polymer does not thermally crystallize . The
material as used in this work is thus considered to be
completely amorphous , no evidence has been found to the
7 8
contrary. Karasz ' describes the thermal properties of
9 10
similar PPO samples. PPO will crystallize from solution,
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/CH 3
0
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-f-CH2— CH-4-
2
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C. -f-CH2 — CH-)-
CI
-
Figure 2.1 Repeat unit structures
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by exposure to solvent vapor, 11 ' 12 or thermally with the use
of heterogenous nucleating agents. 13 Apparently solvent is
actually incorporated into the PPO crystal lattice, evidenced
by the collapse of wide angle X-ray diffraction patterns upon
drying mats of solution grown single crystals. 14
The PPO molecular weight values provided by General
Electric are given in Table 2.1, along with similar results
obtained by gel permeation chromatography (GPC) in this
study. These measurements are discussed in detail later in
this chapter; the values represent polystyrene equivalent
molecular weights, correction to true PPO values is
accomplished by multiplication by 0.63. 15 An additional
higher molecular weight sample, denoted PPO-H, was obtained
and characterized by the General Electric Company, courtesy
of Dr. A. S. Hay.
Purification of PPO consisted of dissolving the as
received powder in hot toluene, with dropwise precipitation
of the resultant 2% solutions into an excess of non-solvent
methanol, with a final ratio of 12:1 methanol : toluene being
achieved. The fluffy precipitant was rinsed with methanol
and dried in vacuum for 4 days at 80°C. This procedure
resulted in apparent removal of low molecular weight
material, the intrinsic viscosity in toluene at 25°C
increased from 0.48 to 0.51 dl/g after precipitation. Loss
of material was evidenced by observance of a milky toluene-
methanol final mixture (which is discarded) , and recovery of
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typically about 90% of the starting material weight. Using
viscosity
- molecular weight constants given by Barrales-
Rienda, 16 the indicated viscosity average molecular weight of
the precipitated material is 6 1 x in 4 *«xs, o.j. u
, in good agreement
with the GPC results in Table 2.1.
It was found necessary to distill the toluene as
obtained from the Fisher Chemical Company prior to use,
failure to do so led to slight traces of cloudiness in
resultant polymer films.
Small amounts of three poly (phenylene oxides) other
than the dimethyl substituted material were obtained from the
General Electric Company, courtesy of Dr. A. S. Hay. These
were the diphenyl, methyl-pheny 1 , and methyl-benzyl 2,6-
disubstituted species, with respective intrinsic viscosities
given as 0.55, 0.78 and 0.47 dl/g in chloroform at 25°C. The
diphenyl polymer does thermally crystallize, in contrast to
17the dimethyl. The other two materials are amorphous.
Polystyrene
The structure of the repeat unit of polystyrene is
given in Figure 2.1.b. The polystyrene used most in this
work, denoted PS, was a commercial product called HH101
resin, obtained from the Monsanto Company courtesy of T.
Boyd. This material was prepared by conventional free
radical polymerization, which yields a high molecular weight,
polydisperse , and atactic material (which is thus amorphous).
30
Detailed information on free radical polymerizations and the
resultant polymers can be found in polymer chemistry
texts. 5 ' 6 Molecular weights by GPC provided by Monsanto were
^ - 0.9-0.95 x 10
5
,
M
w
« 2.6-2.8 x 10 5
, and ^ = 4.7-5.0 x
10
^
ThSSe ^relate well with values obtained in this study
of M
n =
1.2 x 10 5
,
M
w
= 2.8 x 10 5
, and M, = 4.9 x 10 5
. The
as-received pellets were reprecipi tated with the identical
procedure as described for PPO before any further use; this
may have resulted in the loss of some low molecular weight
material, possibly reflected in the slightly higher value of
M
n
obtained in this study as compared to the Monsanto value.
Other atactic polystyrenes used in this study were
narrow distribution anionically prepared materials obtained
from the Pressure Chemical Company. Samples with given
molecular weights 1.0 x 10 4
, 1.98 x 10 4 and 2.0 x 10 6 were
used without further purification, and are denoted as PS10K,
PS20K, and PS2000K, respectively. The two low molecular
weight materials are labelled as having a polydispersity
index (M
w
/M
n
) of less than 1.06, the high molecular weight
sample of less than 1.15.
Chlorostyrene Homopolymers and Copolymers
The repeat unit of poly (parachlorostyrene) (PpCS) , or
poly ( 4-chloros tyrene) is illustrated in Figure 2. I.e. Poly
(orthochlorostyrene) (PoCS) and poly (metachlorostyrene)
(PmCS) have similar structures, except that the chlorine atom
is located on the number 2 or 3 carbon atom of the phenyl
ring, respectively. For use in this study, all three
chlorostyrene homopolymers have been prepared from the
respective vinyl type monomers, as well as three series of
chlorostyrene copolymers. The latter are two component
materials prepared by copolymerization of parachloros tyrene
(PCS) with styrene, orthochloros tyrene (oCS) with styrene,
and pCS with oCS
; designated as P(pCS-S), P(oCS-S), and P
(pCS-oCS) type copolymers, respectively.
Polymerizations
.
The procedure for the polymerization of
both homopolymers and copolymers was identical, and was based
upon the techniques employed by Fried 1 in order to prepare
similar materials. Styrene and chlorostyrene monomers were
obtained from the Aldrich Chemical Company. The as received
monomers contain 250 ppm 3 , 5-di- tert-butylcatechol as a
polymerization inhibitor; all monomers were thus distilled
under vacuum to remove the inhibitor, and as a general
purification step. Monomer condensates were collected in
cold flasks, and were used as quickly as possible in order to
preclude any unwanted polymerization.
The quantity of monomers in the feed was determined by
weight, approximately 40 mole percent toluene (Burdick and
Jackson, distilled in glass) was added as solvent and chain
transfer agent. Based upon monomer content, 0.5 mole percent
azobisisobutyronitrile (AIBN, Polysciences ) was added as a
free radical initiator. Dry nitrogen gas was bubbled through
the reaction mixtures for 5 minutes, serving both to remove
oxygen and water, and thoroughly mix the components. The
reaction flasks were sealed with bleached serum stoppers, and
covered with parafilm. Polymerizations were carried out for
10 hours at 60°C by immersing the flasks in a temperature
controlled shaking water bath. Polymerization was quenched
by pouring the hot reaction mixtures into toluene at room
temperature, such that the total polymer concentration was
less than 2%, assuming approximately 50% conversion. Product
polymers were removed by dropwise precipitation into stirred
methanol (Fisher), such that a final 12:1 methanol : toluene
ratio was achieved. Polymers were collected on filter paper,
rinsed with methanol, and vacuum dried for 4 days at
approximately 80°C.
Conversion was approximated as the weight of the
products divided by the weight of monomers in the feed. This
is always an underestimate; loss of material in handling was
unavoidable, some low molecular weight product may have been
soluble in the final methanol-toluene mixture.
Chlorostyrene homopolymers . Table 2.2 lists the
chloros tyrene homopolymers synthesized, values of conversion,
and quantity of material prepared (yield) . The designation
used for each sample initially in the laboratory notebooks
used at the time of preparation of these materials is also
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Table 2.2 Chlorostyrene Homopolyme rs
sample
PpCS
PpCS
PpCS
PoCS
PoCS
PmCS
notebook
(11/24)
(8/16)
#8
(8/16)
(12/20)
PmCS
conversion
0.50
0.39
0.51
0.56
0.55
0.46
yield(g)
10.9
10.8
23.0
11.5
51.0
3.7
Table 2.3 P(pCS-oCS) Copolymers
fraction
pCS
notebook
feed
fraction
pCS
conversion yield(g)
0.0 8 1(7/22) 0 .051 0.67 5.7
0.17 2 (7/22) 0.130 0 .65 5.8
0.23 3(7/22) 0 .200 0.61 5.4
0.27 1(9/20) 0 .255 0.62 18.6
0.31 1 (8/26) 0.300 0.62 12.3
0.36 2 (8/26) 0 .360 0 .64 12.8
0.4 0 3 (8/26) 0 .420 0.61 12.6
0.43 2 (9/20) 0 .460 0 . 58 17. 5
0.4 7 6(7/22) 0.501 0.59 5.2
0.5 7 5(7/22) 0.601 0.55 4.9
0.64 4(7/22) 0 . 700 0.52 4.8
included, samples left behind for the future use of other
students may be identified by these labels. The PpCS samples
with notebook designation #8 and (8/16) are indistinguishable
materials, and were used for the bulk of the experiments
discussed in later chapters. The PpCS labelled (11/24) was
used only for the polymer electret experiments described in
Chapter VI. The PoCS designated (12/20) is the material used
for all experiments described in this work, the sample
designated (8/16) was used only in preliminary studies. A
small quantity of the more expensive metachlorostyrene was
polymerized. Molecular weights of all these materials will
be discussed in a later section.
P(pCS-oCS) Copolymers
. The copolymers prepared of
parachlorostyrene with orthochlorostyrene are listed in Table
2.3. The first column, fraction pCS , is the determined
copolymer composition. An example of the nomenclature
adopted for an individual sample is P ( . 27pCS-oCS) , this
represents a copolymer with a content of 27 mole percent
parachlorostyrene. The fraction of pCS in the feed, as well
as conversion, yield, and notebook designation are also
listed in Table 2.3.
Compositions of the P(pCS-oCS) type copolymers were
determined by an empirical procedure using the ratios of peak
heights from solution infrared (IR) spectra. Solutions of
PpCS and PoCS homopolymers and the copolymers of 5%
concentration were prepared in carbon tetrachloride; difficul-
ties in measuring exact thicknesses of thin solid films pre-
vented using the bulk materials for quantitative determination
of copolymer composition. Solution cells with .2 mm path
length were used, they were well matched as solvent-solvent
baselines showed no peaks attributable to CC1 . The instru-
ment was a Perkin Elmer 283 Spectrophotometer, a 12 minute scan
speed (4000 cm' 1 to 20 cm' 1 ) in absobance mode was used. In
scanning the entire spectra, a number of peaks were found to
be present only for the para or ortho chlorinated polystyrene
species. No attempt was made to assign any of the bands to a
particular vibration. Absorbances at approximately 1035 and
1092 cm 1 were chosen to represent oCS and pCS
, respectively;
they were of appropriate magnitude, well resolved, and close
in wavelength, thus scanning the entire spectra for each
sample was avoided. Absobances were measured as the distance
from the peak to the extrapolated baseline; see analytical
chemistry texts for a discussion of quantitative treatment
18 19
of absorbance data. ' Equation 2.1 describes the empirical
procedure used.
(A1092 (PpCS)/A1035 (PoCS)
)
c
(Fp/(l-F ) )
= A1092 (GOp * )//A1035 (C°P * ) (2.1)
Here F is the fraction pCS in the copolymer, the A's are the
P
appropriate absorbances for copolymer samples (cop.) or
homopolymers . The first factor is the ratio of absorbances
for the homopolymers at equal concentration. This ratio was
determined to be 1.80 + .06 based upon 5 measurements on
different dates. Once this has been ascertained, it is not
necessary to know the exact concentration of the copolymer
solutions, only the ratios of the proper absorbances. Using
the value of 1.8 and rearranging equation 2.1, P(pCS-oCS)
copolymer compositions were determined from:
F
p
= 1/((Al035 (coP- ) /Al092 (c°P- )) (1 ' 8 > - l-> (2.2)
Representative IR traces are given in Figure 2.2.
Proton nuclear magnetic resonance (NMR) spectroscopy
was also investigated for determination of P(pCS-oCS)
copolymer compositions. Again, 5% homopolymer and copolymer
solutions in CC1
4
were prepared, tetramethyl silane was
added as an internal standard. The instrument employed was
a Perkin Elmer model R32. The spectra obtained for PpCS and
PoCS were identical to those found in the literature. 20
However, peaks were not well enough resolved for
quantitative determination of copolymer composition; an
attempt was nevertheless made for one sample. Backbone
hydrogen resonances were integrated (they were surprisingly
better resolved than those of phenyl hydrogens) , and the
composition of P ( . 38pCS-oCS) was found to be 38% pCS
,
apparent exact agreement with IR results. This is however
probably rather fortuitous since the NMR data were not self-
consistent; ratios of integrated areas corresponding to
backbone protons to areas of phenyl protons were 25% off
from the known 3:4 value.
37
AI092
P(.38pCS - oCS) P(.62 pCS - oCS)
Figure 2.2 Representative IR spectra.
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Three samples of P(pCS-oCS) type copolymers were
obtained from other sources. Sample P ( . 38pCS-oCS) was
obtained from the Dow Chemical Company; samples P(.62pCS-
oCS) and P(.65pCS-oCS) had been prepared by a former
student, A. M. Chatter jee. It is to be noted that the
latter had been determined as having compositions of .65 and
.70 pCS by Chatterjee, via NMR .
^
^
P(pCS-S) and P(oCS-S) Copolymers
. The poly
(parachlorostyrene-co-styrene) copolymers prepared are
listed in Table 2.4. Nomenclature similar to that used for
P(pCS-oCS) copolymers is applied. For example, P(.379pCS-S)
is a copolymer containing .379 mole fraction
parachlorostyrene comonomer.
Copolymer compositions were determined via elemental
analysis for chlorine, which was performed at the University
of Massachusetts Microanalytical Laboratory. Briefly, a
small sample (approximately 5 mg powder) of polymer is
burned in an oxygen filled flask containing potassium
hydroxide solution, the solution is then neutralized and a
potentiometric titration is done for chloride. Results are
returned as weight percent chlorine, %C1. The mole fraction
chlorostyrene in the copolymer is thus determined from:
FCS
=
(wcs/138 - 6 )/(ws / 104 - 2 = wcs/138.6) (2.3)
w
s
= %Cl/(35.5/138.6)
w
cs
= 1 - w
s
J
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Table 2.4 P(pCS-S) Copolymers
fraction
pCS
notebook
0.075
0.160
0.245
0. 379
0.462
0. 50
0.511
0.594
0.652
0.661
0. 670
0.679
0. 759
p8
pl6
D20
#1
P46
Col
#2
P55
#3
#4
#5
#6
#7
feed
fraction
pCS
0 .060
0.120
0.201
0.330
0.419
0.464
0.470
0 .555
0.615
0.625
0 . 635
0.645
0.750
conversion yield(g)
0.35
0.33
0 . 36
0 .44
0.46
0.46
0.38
0 .49
0.48
0.48
0.49
0.48
4
4
7
11
29
12
9
14
13
13
2
6
3
1
5
9
1
4
9
9
13.8
12.0
Table 2.5 P(oCS-S) Copolymers
fraction
oCS
notebook
feed
fraction
oCS
conversion yield (g)
0.151
0.274
0.406
0.562
0.719
0.872
o-l
o-2
o-3
o-4
o-5
o-6
0.100
0.201
0. 321
0.472
0 . 642
0.841
0.20
0.22
0.26
0.29
0.29
0.13
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Sample P(.50pCS-S) was used only for the polymer electret
experiments described in Chapter VI.
The poly(orthochlorostyrene-co-styrene) copolymers
prepared are listed in Table 2.5. Nomenclature is again
similar; P(.406oCS-S) is a copolymer containing .406 mole
fraction oCS comonomer. Copolymer compositions were
determined in the same manner as for the P(pCS-S)
copolymers, equation 2.3 was employed.
Errors in copolymer composition values . The most accurate
and precise values of composition are for the P(pCS-S) and
P(oCS-S) copolymers. The chlorine analysis was done in
duplicate or triplicate for each sample; the Microanalytical
Laboratory assigns a reproduceability of 0.3% to each
measurement. Homopolymers were used as a check on the
accuracy of the results. On one occasion trouble had been
encountered, but the samples were run again with good
results. Both accuracy and precision are believed to lie
within the 0.003 weight fraction chlorine limit.
Values of composition for the P(pCS-oCS) copolymers
are not as well known. Precision is good, sample IB
absorbance ratios reproduced to within 1%. However, the
accuracy of the measurements is dependent upon the
assumption that Beer's law holds for the copolymers, and
that the homopolymer absorbance ratio is well determined.
The compositions at the extremes are certainly determined
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less accurately. it is difficult to assign a figure for
accuracy, however the precision is believed to be good
enough that the relative order of the samples is known, even
if they differ in composition by only 1%.
Reactivity ratios. Copolymer composition versus feed
composition is plotted in Figures 2.3, 2.4, and 2.5 for
P(pCS-oCS), P(pCS-S), and P(oCS-S) type copolymerizations
,
respectively. The reactivity ratios for the three systems
were determined by least squares analysis of the Fineman -
22Ross form of the instantaneous copolymerization equation.
Written in the form given by McCaffery
:
23
U \ *i / fo 2 F
r
1
+ r
2 (2.4)
2 \ n / *2 V r l
where f^fj and F
i'
F 2 are the fractions of monomers m 1 and
m
2
in the feed and copolymer, respectively. The values r,
and r
2
are the reactivity ratios. Plotting the left hand
side of equation 2.4 versus the coefficient of on the
right hand side, results in a straight line with slope
and intercept
• A computer program was written to
determine the least squares slope and intercept for a
straight line, and the associated standard error of estimate
2 4for linear regression, using the standard formulas. The
program, called LEASTSQ, is listed in Appendix I. The
appropriate values taken from Tables 2.3, 2.4, and 2.5 were
used in conjunction with equation 2.4 and the program.
Figure 2.3 P(pCS-oCS) copolymer versus feed composition.
I
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0 0.2 0.4 0.6 0.8 1.0
FEED MOLE FRACTION pCS
Figure 2.4 P(pCS-S) copolymer versus feed composition.
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FEED MOLE FRACTION oCS
Figure 2.5 P(oCS-S) copolymer versus feed composition.
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Values for
^ and r 2 were determined for the three copolymer
systems using each monomer as either or m the
reactivity ratios were selected as those which yielded the
lowest standard error of estimate. Table 2.6 lists the
values obtained and the associated errors.
Table 2.6 Copolymerization Reactivity Ratios
copolymer m
l
m
2 r i
r
2 error
*P (pCS-oCS)
P (pCS-oCS)
pCS
oCS
oCS
pes
0 .55
0.60
0 .71
0.31
0.068
0 . 196
*P (pCS-S)
P (pCS-S)
pCS
s
s
pes
1.00
0.77
.70
1.13
0 .069
0 .293
*P (oCS-S)
P (oCS-S)
oCS
S
s
oCS
1.25
0.61
0.59
1.26
0.068
0.085
*value selected
The values obtained for the P(pCS-S) copolymers, r
1
=
1.00 and r
2
= 0.70 for m = pCS and m
2
= S compare favorably
with literature values. Lewis et al. obtained values r
1
=
0.74 and r
2
= 1.03 for = S and m
2
= pCS for bulk
polymerization with benzoyl peroxide initiation at 60°C;
2 6Okumoto et al. obtained r
1
= 0.62 and r
2
= 1.35 for bulk
polymerization with AIBN initiation at 70°C. P(oCS-S)
values of r
1
= 1.25 and r
2
= 0.59 for m
1
= oCS and m
2
= S
also correspond closely to the values of 1.6 and 0.56
2 6
obtained by Walling for copolymerization with benzoyl
peroxide initiation at 60°C. Quite different values are
obtained for P(pCS-S) and P(oCS-S) copolymers prepared by
cationic polymerization, as given by Borg and Marechal. 27
They found styrene r values approximately five times higher
than chlorostyrene values at 25°C. The possibility thus
exists for obtaining copolymers similar to those prepared i
this study, which however have a quite different sequence
distribution. Reactivity ratio values have not been found
in the literature for the P(pCS-oCS) system. Values
predicted on the basis of the "Q,e" scheme, 28 r, = 0.81 and
r
2 = 1.2 3 for m1 = pCS and m2 = oCS , are however quite far
from the values 0.55 and 0.71 obtained here.
Errors in the determination of reactivity ratios lie
mostly in the assumption of the instantaneous
copolymerization equation, as well as uncertainties in the
experimentally determined average copolymer composition
values. The three systems are not ideal copolymerizations
,
although they are close, as indicated by Figures 2.3, 2.4
and 2.5. Due to conversions in the range of about 30 to 60
for the three systems, some amount of compositional drift
with time will occur as one monomer is selectively depleted
Thus the average compositions determined do not exactly
reflect the composition of copolymer produced in the early
stages of the reaction. However, Fried*' estimates the drif
of the P(pCS-S) copolymers to be no worse than 1% at 50%
conversion; the farthest from ideal are here the P(oCS-S)
copolymers, but conversion for this system was low (see
Table 2.5)
.
A short study of the average compositional
drift of P(pCS-oCS) copolymers was made. For starting
compositions of 27 and 67% pCS
, the composition of the
resultant copolymers after 2, 6 and 11 hours of
polymerization were within 1%, which is approximately within
the precision of the IR technique of composition
determination employed. The reactivity ratios as described
must however be understood to be only an estimate.
Molecular Weight Determinations
Intrinsic viscosities
. As a preliminary measure of
molecular weight, intrinsic viscosities [n] of the
chlorostyrene homopolymers and copolymers were determined in
toluene at 30 C. The relation of molecular size to the
viscosity of solutions is discussed in general polymer
chemistry texts. 29,30 Constants K and a are tabulated, 31
including values for PS, PpCS and PoCS , for the Mark -
Houwink equation:
Cn] = KM
v
a
(2.5)
Detailed discussion of the determination of these constants
for PpCS and PoCS is found in the literature
.
32 ~ 3
5
However,
such values vary due to the methods of determination of the
molecular weights of fractions used, and similar
considerations such as the sharpness of the fractions.
Also, it is not clear how copolymers should be treated;
viscosities are thus reported simply as a measure of
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relative molecular weight. Values of [„], for toluene
solutions at 30°C in dl/g are listed in the last column of
Tables 2.7 to 2.10.
As an example of the range of molecular weight
indicated by these viscosity results, using values K = 11.8
x 10 and a = 0.65 from Noguchi/ 3 PpCS [ n ] = .28 dl/g
indicates a molecular weight of 160,000. This represents
weight average molecular weight, as light scattering methods
were used to determine the molecular weights of fractions.
Gel permeation chromatography
. Gel permeation
chromatography (GPC) results, in the form of "polystyrene
equivalent" molecular weights, are listed in Tables 2.7
through 2.10 for homopolymers
, P(pCS-oCS) copolymers,
P(pCS-S) copolymers, and P(oCS-S) copolymers, respectively.
A Waters model 200 Gel Permeation Chromatograph, with
refractive index detector, was employed at a flow rate of
1.0 ml/min. Separation was achieved in four Styragel
columns arranged in series, with porosities of 3 . x 10 3
, 3.
4 5 7
x 10
, 3. x 10 and 10 A. Approximately 0.1% solutions of
the samples in tetrahydrofuran were prepared and filtered.
The instrument had been calibrated previously with
3 6
anionically prepared polystyrene GPC standards.
Figure 2.6 shows a typical GPC trace. A computer
program (GPC, see Appendix I) was written for aid in data
analysis. Using least squares analysis, the column
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Table 2.7 Homopolymer Molecular Weight Data
sample
FpCS #8
PpCS (8/16)
PoCS (8/16)
PoCS (12/20)
PmCS
PS
M
n
0.64
0.64
0.51
0.58
0.63
1.2
GPC
M
w
1.3
1.3
1.1
1.2
1.3
2.8
CM x 10~ 5 )
M
1
1
9
0
0
9
M/MW n
2.0
2.0
2.1
2.1
2.0
2.4
Cn]
0.30
0.28
0.27
0.33
0.38
Table 2.8 P(pCS-oCS) Molecular Weight Data
fraction
pCS
M
n
GPC
M
w
(M x 10" 5 )
M M /M
w' n Cn]
0.08 C .81 1.6 2.6 2.0 0 .41
0.17 0.79 1.7 2.7 2.1 0.38
0.23 0.82 1.7 2.9 2.1 0.37
0.27 0.77 1.6 2 . 6 2.1 0.40
0.31 0.68 1.4 2.4 2.1 0.36
0.36 0.70 1.5 2.4 2.1 0 .39
0.38 1.5 4.4 8.3 2.9 0.81
0 .40 0.72 1.5 2.5 2.1 0.39
0.43 0 . 75 1.6 2.6 2.1 0.41
0.47 0.78 1.6 2.6 2.0 0.37
0.57 0.70 1.4 2.2 2.0 0.39
0 .62 0.42 1.4 2.7 3.4 0.34
0 .64 0.66 1.4 2.2 2.1 0.36
0.65 0.38 1.1 2.0 2.8 0.28
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Table 2.9 P(pCS-S) Molecular Weight Data
GPC (M x 10" 5 )
fraction m
PCS 11 z *V'"n
0 .075
0.160
0.245
0. 379
0 . 462
0.50
0.511
0 . 594
0.652
0.661
0 .670
0 .679
0 . 759
M
w M M /Mn [ n ]
0. 34 0.68 1.1
0.35 0 .71 1.2
0.37 0.77 1.3
0.45 0.89 1.4
0.34 0.70 1.2
0.50 1.5 2.5
0 .49 1.0 1.6
0.52 1.1 1.8
0 . 54 1.1 1.8
0 . 55 1.1 1.8
0 . 57 1.2 1.9
0 . 57 1.2 1.9
0.58 1.2 2.0
2.0 0.31
2.0 0.30
2.1 0.33
2.0 0.32
2.1 0.28
2.9
2.1 0.36
2.1 0.30
2.0 0.36
2.1 0.32
2.0 0.34
2.0 0.33
2.1 0.33
Table 2.10 P(oCS-S) Molecular Weight Data
fraction
oCS
M
n
GPC
M
w
(M x 10" 5 )
M M /M
w n Cn3
C.151
0.274
0.406
0.562
0.719
0.872
0.33
0 .35
0.39
0 .46
0.46
0.60
0.68
0 .72
0.82
0.94
1.1
1.3
1
1
1
1
1
2
1
].
1
0
4
2
0.30
0.29
0.31
0.30
0.31
0.35

calibration was determined to be:
logM = (-.0561)V
r
+ 12.821 (2.6)
where M is the molecular weight of the species with
retention volume ^ Values (corresponding to concentration
of each species) of the height of the recorder traces were
read at 2.0 ml retention volume intervals. Using eguation
2.6, the program converted retention volume to molecular
weight; the curve was approximated as a series of
monodisperse peaks. Molecular weight averages were computed
from
:
En . M . X
MX
=
1 X
x-1 (2.7)
i i
Here and are the number and weight of the i th species;
number, weight and Z average molecular weights result from x
taking on values 1, 2 or 3, respectively. The height of the
GPC curve at a given retention volume corresponds to the
concentration (n^M^) of that species M., the sums usually
involved about 22 points per curve if data were taken at 2
ml intervals
.
The data represent polystyrene equivalent molecular
weights. As a first order correction for other polymers,
the so called "Q factor" approach is often used.
Considering PpCS for example, the PS equivalent molecular
weight would simply be multiplied by the ratio of the
molecular weights of the monomer units, in this case
(138.6/104.2). The same factor should thus apply for PoCS
,
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PmCS, and P(pCS-oCS) copolymers. For P(pCS-S) or P(oCS-S)
type materials, the correction factor might simply be
weighted according to the fraction of chlorostyrene
comonomer; Fried 1 and Shultz and Beach 37 have done so for
the P(pCS-S) system. However, factors such as polymer-
solvent interaction may influence the results; Collins et
,
38 ual. have advised against using the Q factor scheme. A
better correction would involve use of the "universal
calibration curve." 38 ' 39 However, this would require
additional viscosity data in the GPC solvent. The values in
Tables 2.7 through 2.10 are thus left uncorrected.
The breadth of the molecular weight distribution is
often expressed as the "polydispersi ty index," the ratio of
the weight average to number average molecular weight.
Values of M
w
/M
n
are also listed along with the GPC results.
A number of factors may cause error in th»se measurements.
First, in approximating the curve as a series of
monodisperse fractions, a slightly narrower distribution
would be calculated than actually exists; however two
samples were treated at 1.0 ml retention volume intervals
with results being unchanged. Second, there is natural zone
broadening, typical of any chromatographic process. For a
detailed discussion, see Johnson and Porter, 39 or Otocka.^
Broadening of curves is indicated by experiment. Three PS
standards were run as a check on the calibration of the
instrument, these are labelled as having a polydi spersity
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index of 1.06 or less. Calculated M/M
n
values averaged
1.15 for these samples, indicating some, but fairly
insignificant, broadening of the curves. The data are thus
not corrected for zone broadening.
Preparation of Blends
All blends to be discussed in this work, unless stated
otherwise, were prepared by coprecipi tation from solution.
The desired quantities of the materials to be blended were
weighed, and dissolved together in distilled toluene such
that the total polymer concentration was approximately 2%.
This cosolution was added dropwise to stirred methanol such
that a final 12:1 ratio of methanol to toluene was realized.
The precipitated "fluff" was collected by filtration, washed
with methanol, and as for the pure materials dried in a
vacuum oven for 4 days at 80°C This temperature is below
the glass transition of all the polymers thus treated.
There is the possibility that one of the materials
being blended is less completely precipitated than the
other; leading to a final composition differing from the
starting composition in solution. However, all materials
blended in this manner had been previously precipitated,
checks of a few samples by chlorine analysis indicated the
desired blend composition was achieved.
Films of the materials were prepared by compression
molding. Square, six inch plattens of 10.0 mil steel
J55
surrounded a shim of the desired thickness and size, the
polymer to be molded was placed between two sheets of 1 .
0
mil aluminum foil and inserted between the plattens so that
it flowed to fill out the shim. Molding temperatures were
sample dependent, the pressure was "cycled" in order to
remove bubbles. Upon removal from the press (about 90
seconds total residence time) the plattens were removed, and
the samples were allowed to cool in air. Samples were
stored with the aluminum foil adhering to both sides as a
measure of protection.
Blends were prepared by weight, compositions
throughout this work are reported as weight fraction. As an
example of the nomenclature used, 60/40 PS/PoCS is a blend
containing by weight 60% polystyrene and 40% poly
(orthocholorstyrene)
.
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ICHAPTER III
CALORIMETRIC INVESTIGATIONS OF COMPATIBILITY
The primary criteria for the assessment of the compa-
tibility of a binary polymer mixture is the observation of
a single glass transition, at a compositionally dependent
temperature intermediate to the glass transition temper-
atures (T
g )
of the pure components. 1 For a general discus-
sion of the glass transition phenomena in polymers, and the
related thermodynamics, consult Haward 2 or Meares. 3 As all
the materials blended are entirely amorphous, thermograms
obtained by differential scanning calorimetry (DSC) show
only one type of distinct feature, a step change in the heat
capacity at the glass transition. Due to the relative ease
and speed of experimentation as compared to a host of other
techniques available for determining T
, DSC was chosen as
the primary method of evaluating the miscibility of the
blends studied. Five compatible systems are discussed, PS/
PPO, P(pCS-oCS)/PPO, P(pCS-S)/PPO, P(oCS-S)/PPO, and PS/Po
CS blends are found to display a single glass transition;
for the systems containing a copolymer the miscibility is,
however, dependent on copolymer composition. Phase separa-
tion at elevated temperatures, indicative of the existence
f a lower critical solution temperature, is found for most
f the compatible pairs under consideration. Appropriate
60
annealing experiments in the calorimeter allow construction
of phase diagrams.
Experimental
A Perkin Elmer model DSC-II was used for all differ-
ential scanning calorimetry experiments. Sample disks of
the appropriate size were punched from the compression
molded sheets described in the last chapter. Sample weights
of 10-2 5 mg were enclosed in aluminum sample pans, the lar-
ger amounts were employed when searching for possible phase
separation as indicated by two glass transitions. Runs were
made starting from ambient temperatures, at a heating rate
of 20°C/min, range of 5 meal/sec, chart speed of 20 mm/min
,
and with nitrogen as a purge gas. The temperature was
calibrated using the Indium and Tin standards provided with
instrument.
Glass transition temperatures (T ' s) were determined
from the resultant thermograms as the temperature at which
the heat capacity achieved one half of the entire step
change observed; the graphical procedure illustrated by
4Fried was employed. This is an arbitrary definition; for
example T could as easily be defined as the point of the
first deviation from the glassy baseline. The selection of
heating rate is also arbitrary, 20°C/min was chosen pri-
. - - 4manly for comparison with work done in the past. The
observed T^ is a rather strong function of scanning speed,
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theoretical treatment, of the kinetics of the glass transi-
tion abound in the literature. 5" 7
Errors in DSC measurements, a number of factors affect the
measured transition temperature besides the random errors
expected in the graphical procedure used in extracting
values from thermograms. Measurements of the melting points
of the In and Sn standards are made to at best 0.5°C; the
instrument is only assumed to be linear over the entire
range, thus allowing use of the two point calibration. The
calibration does drift slightly with time. At fast heating
rates such as 20°/min, inadequate wetting of the sample to
the pan will lead to scatter in the results, variable sample
size will have the same effect. Using a literature value
for the thermal conductivity of polystyrene at its T 8 ag'
2°C gradient in temperature is calculated for a 20 mg
sample if all the heat is conducted up through the bottom
of the pan. As an estimate of the precision of the DSC T
g
values reported, data collected for PPO over a long range
of time were considered. The measured T
g
was 217.1 ± 1.2°C,
1.2° being one standard deviation based on six measurements.
A reasonable error estimate is ± 2°C for the glass trans-
ition temperature as determined by DSC.
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Pure Materials
DSC thermograms of PPO, P ( . 3 6pCS-oCS) and PoCS
, typi-
cal for all the pure non-blended polymers, are found in
Figures 3.4 and 3.5. Glass transition temperatures for all
the materials studied are listed in Table 3.1. All samples
were annealed for at least one minute approximately 30°C
above the expected T
g
, quenched to ambient temperature as
rapidly as was possible in the instrument, and then scanned
at 20°/min. This procedure allowed the polymers to flow
and wet the sample pans. Where similar samples were exam-
ined, the results are within 2° of the values reported by
4Fried. The surprising low value for PmCS is confirmed by
42
Plots of T
g
versus copolymer composition are given
in Figures 3.1, 3.2 and 3.3 for P(pCS-oCS), P(pCS-S) and
P (oCS-S) copolymers
, respectively. The solid lines are
drawn to simply best fit the data. A number of expressions
appear in the literature to describe the glass transition
temperature of random copolymers as a function of composi-
tion, most are primarily empirical in nature. The data for
P(pCS-S) copolymers are too scattered for curve fitting,
probably resulting from these samples not being run togeth-
er, and a degree of scatter in their molecular weights.
However, data for the other two copolymer systems are
amenable for testing the various expressions.
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Table 3.1 DSC T 's of Unblended Materials
sample
PS
PPO
PpCS
PoCS
PmCS
P ( . 08pCS-oCS)
P ( . 17pCS-oCS)
P ( . 23pCS-oCS)
P(.2 7pCS-oCS)
P ( . 31pCS-oCS)
P (. 36pCS-oCS)
*P ( . 38pCS-oCS)
P ( . 40pCS-oCS)
P (.43pCS-oCS)
P ( . 4 7pCS-oCS)
P ( . 57pCS-oCS)
P ( . 62pCS-oCS)
P (. 64pCS-oCS)
T (°c
g
104
217
131
131
93
128
127
127
125
124
126
127
124
124
125
126
125
126
sample T
g
(°C)
p [. 075pCS-S) 99
p M60pCS-S) 103
p [.245pCS-S) 113
p I. 379pCS-S) 118
p
:
. 462pCS-S) 116
p 1:.50 pCS-S) 121
p I:. 511pCS-S) 119
p 1:.594pCS-S) 119
p 1
!
. 652pCS-S) 122
p I:. 661pCS-S) 124
p 1;. 670pCS-S) 125
p 1 :
. 679pCS-S) 125
p I :
. 759pCS-S) 123
p 1 . 151oCS-S) 107
p (
.
. 274oCS-S) 111
p < . 406oCS-S) 114
p ( . 562oCS-S) 115
p ( . 719oCS-S) 123
p < . 872oCS-S) 127
*high molecular weight
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MOLE FRACTION pCS
Figure 3.1 P(pCS-oCS) Tg versus copolymer composition.
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Figure 3.2 P(pCS-S) Tg versus copolymer composition
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Figure 3.3 P(oCS-S) Tg versus copolymer composition.
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expressions
ume consi-
The Fox equation; 9
1
W
l w2
~T~ ~ f + "ir (3.1)
9 gl g2
overestimates the T
g s
of the P(oCS-S) copolymers by about
1.5°C at middle compositions. Here W]
_
and w
2
are weight
fractions, and Tgl and Tg2 are glass transition temperatures
of homopolymers one and two. The experssion given by
Wood, 0 containing an adjustable parameter k;
T
g " <Tgi
+ » Tg2
- T
, w
2
) / (1 + (1 - k ) w )
(3.2)
fits the P(oCS-S) data well for k =0.7. Similar
were derived by Gordon and Taylor 11 based upon vol
derations, and by Kanig. 12 Dimarzio and Gibbs 13 derived an
expression for the "equilibrium" second order transition
temperature T
2
of copolymers:
T
2
= B
x
T
21 + B 2
T
22 (3 . 3)
where B
x
and B
2
are the fractions of rotatable bonds contri-
buted by comonomers one and two. If T
g
' s and mole fractions
are substituted, this also overestimates the P(oCS-S) data.
None of the expressions mentioned above can be used
to fit the P(pCS-oCS) T 's as a function of composition.
As exhibited in Figure 3.3, PoCS and PpCS homopolymers have
identical transition temperatures, but those of the copoly-
mers are depressed. Such observations are , however , common
for random copolymer systems. For example, Beevers 14 found
similar slight depression in styrene-methylmethacrylate
copolymer T 's. Johnston a _ j n ^ . 16* * g °n S and Barton review a number of
copolymer systems showing both negative and positive
deviations in glass transition temperatures; they both
advance expressions for empirical fitting of such data by
including the effect of sequence distribution. The sequence
distribution in terms of fractions of mixed and homogeneous
dyads for random copolymers can be calculated if the
reactivity ratios are known. By assigning low or high T
values to mixed dyads (chosen to fit the data) both negative
and positive deviations can be described.
17 18Tonelli
' has discussed the relationship between
sequence distribution effects in copolymers and the
conformational entropy of the chain; a lower copolymer T
(as in the P(pCS-oCS) system) implies a higher
conformational entropy as compared with the average of the
homopolymers
.
He has related knowledge of rotational
isomeric states to the observed properties of a few
copolymer systems; the effect is basically due to specific
intrachain interactions. He suggests the end to end
distance and dipole moments will also be affected. The
dipole moments of the P(pCS-oCS) copolymers show unusual
behavior; these experiments and the sequence distribution of
the copolymers are discussed further in later chapters.
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P (pCS -PCS) /PPO
_&leru^
The incompatibility of homopolymers PpCS and PoCS with
PPO, and the rather surprising observation of the
miscibility of certain P(pCS-oCS) copolymers with PPO, are
described in this section. Single phase blends are found to
reversibly phase separate at elevated temperatures, phase
diagrams can be constructed using the DSC technique. Blends
of PS and PPO are referred to for comparison. Much of this
work has been described in an article recently published. 19
Homopolyme r blends
. Homopolymers PpCS and PoCS have been
previously found to be incompatible with PPO, 4 this result
is here confirmed. DSC thermograms for PoCS /PPO blends are
given in Figure 3.4, two glass transitions are apparent for
all blends. The T
g
's of the two phase blends are identical
to those of the corresponding pure materials, indicating
that a negligible amount of mixing has occurred. The
analagous heat capacity versus temperature traces for
PpCS/PPO blends are indistinguishable from those presented
in Figure 3.4. Detailed examination of the thermograms
further corroborates the lack of any mixing. The total step
change in the heat capacity, AC
, associated with the glass-
F
liquid transition, is for either material linearly dependent
on the weight fraction of that component in the blend. This
4 2 0is to be contrasted to the findings of Fried ' for
incompatible P(pCS-S)/PPO blends; he attributed the loss of
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Figure 3.4 DSC thermograms of PoCS/PPO blends.
observed AC
p
to partial mixing of certain blends just on the
"verge of incompatibility." of greater importance, the
respective widths of the observed transitions are for these
homopolymer blends the same as found for the pure materials.
Traces like those in Figure 3.4 result when samples
are molded at any temperature between 200° and 300°C. Such
films are opaque and highly brittle.
Copolymer blends. P(pCS-oCS) /PPO blends exhibit one or two
glass transitions dependent on both copolymer composition
and temperature. Upon initial preparation of such blends,
samples were molded at 280°C. At this temperature the
entire first series of copolymers prepared, labelled (7/22)
in Table 2.3, yielded cloudy blends which displayed two T ' s
g
in the DSC. However, additional mixtures molded at 200°C
resulted in clear blend films for some of these
compositions. Compatibility at lower temperatures, and
phase separation at higher temperatures is indicative of the
lower critical solution temperature phenomena (LCST)
discussed in Chapter I. Thus the P (pCS-oCS ) /PPO blends were
molded at temperatures as low as possible. Although the T
g
of PPO is 217°C, it was found possible to mold the
coprecipitated powders at 210°C. Clear films resulted for
blends with copolymers of pCS content 0.31 through 0.47 when
molded at 250°C, all other samples were molded at 210°.
Representative thermograms of compatible blends of
P(.36PCS-oCS) with PPO are given in Figure 3.5. Measured
glass transition temperatures for blends of PPO with five of
the copolymers which yield single phase mixtures, as well as
PS /PPO T
g
's for comparison, are listed in Table 3.2. These
T
g
's are plotted versus blend composition in Figure 3.6 for
P(.36pCS-oCS) /PPO mixtures.
Table 3.2 T 's of Compatible Blends (°c)
weight fraction PPO
sample 0.2 0.4 0.6 0.8
PS 121 139 159 185P( .31pCS-oCS) 138 153 169 192P( .36pCS-oCS) 138 154 172 194
P( .40pCS-oCS) 139 153 169 195
P( .64pCS-oCS) 138 152 174 197
P(.27pCS-oCS) 138 152 172 198
The degree of mixing of PPO chains with these
copolymers is evidenced by a number of features in the
thermograms. First, the blends listed in Table 3.2 must be
defined as being compatible, only a single, compositionally
dependent transition is observed. Second, the glass
transition of a given mixture is depressed from that
predicted by any reasonable assumption of additivity. For
example, linear additivity by weight fraction might be
expressed as:
T
g = Vgl + w2Tg2 ' 3 - 4 >
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Figure 3.5 DSC thermograms of P ( . 36pCS-oCS) /PPO blends.
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Figure 3.6 Tg versus composition for P ( . 36pCS-oCS) /PPO
blends
.
The observed T
g
's of P ( . 40pCS-oCS) /ppo blends for example
fall 4, 8, 11 and 4°C below the T
g
calculated by equation
3.4 for mixtures of PPO weight fractions of 0.2, 0.4, 0.6
and 0.8, respectively. Similarly, PS/PPO T
g
's are depressed
by 6, 11, 13 and 10°C. If the Fox relation, equation 3.1,
is applied to blends, the T
g
's for PS/PPO blends are
depressed by 1, 3, 6 and 4°C while those at P ( . 40pCS-oCS) /
PPO are lower by 2
,
4 , 6 and 0°C. Fried 4 has found that
PS/PPO and P( PCS-S)/PPO blend T
g
' s may be empirically fit
with the Wood copolymer equation (3.2) by appropriate
selection of the parameter k. This lowering of the
compatible blend glass transition temperature has important
consequences with regard to density. Blends will be
densified as compared to the average of the pure materials
simply because the mixture has entered the glassy region at
a lower temperature, irregardless of any actual
thermodynamic volume change on mixing.
The third important feature of the blend thermograms
is the apparent width of the transition. As exhibited in
Figure 3.5, the glass-liquid transition for the single phase
blends is spread over a much larger temperature range as
compared to that of either of the unblended pure materials
.
This has been ascribed to a local distribution of molecular
21
environments by Bank et al. for PS/PVME blends, and by
20Fried et al. for P(pCS-S)/PPO blends. Furthermore, Fried
finds that the width of blend T 's increases as the content
g
of PCS in the copolymer is increased, indicating apparent
decrease in the compatibility of the mixtures, widths in
degrees of PS/PPO and P ( . 36PCS-oCS) /PP0 blend T 's,
extracted by eye from thermograms as the distance between
the first deviation from the glassy baseline and the start
of the liquid baseline, are listed in Table 3.3. The
P(.36PCS-oCS)/PPO blend T
g
• s are wider than the
corresponding PS/PPO T
g
's which in turn are all wider than
those obtained from any of the pure materials. The greater
degree of local mixing of PPO with PS as compared to a
chlorostyrene copolymer correlates with the observed phase
behavior described later in this chapter. P (pCS-oCS) /PPO
blends phase separate at accesible temperatures, apparently
PS and PPO are so compatible that any LCST is well above
degradation temperatures.
Table 3.3 Glass Transition Widths for Compatible Blends
widths in °C
weight
fra
pP0°
n PS/PPO P(.36pCS-oCS)/PPO
0 23 24
• 2 26 27
• 4 27 40
• 6 35 52
• 8 36 45
1. 22 22
The fourth feature of the thermograms is the
appearance of small endothermic peaks at T for the pure
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materials, but not for the blends. The thermal history of
all samples consisted of a short period of annealing above
T
g
followed by rapid cooling. The "peak" seen for the pure
materials is due to relaxation of enthalpy (and volume)
towards the "equilibrium" liquid state while in the glassy
regime; it can be made much larger by cooling slower, or by
simply annealing just below T
g
for a given length of time.
The phenomenon observed calorimetrically is described
thoroughly in the literature; Marshall 22 and Ichihara 23
consider polystyrene, Petrie, 24 ' 25 Richardson 26 and
Wunderlich 27 discuss general thermodynamic considerations,
and Straff 28 and Foltz 29 consider PVC
,
among others. The
phenomenon leads to a ductile-brittle transition in
amorphous polycarbonate 30
" 32
and even in semi-crystalline
poly(ethyleneterephthalate)
,
33
Volume relaxation is
discussed by Kovacs 34 ' 35 and Hutchinson. 36 There are two
possible reasons why the endothermic peaks are not observed
for the blends; they may be there, but are simply spread out
over the wider transition; or the densification of the
blends due to the depressed T (or the possible negative
volume of mixing) leads to slower relaxation. Fried 4
annealed miscible blends below T , this allowed adequate
decrease in the enthalpy so that endotherms were observed,
along with an apparent narrowing of the transition.
However, this narrowing may be due to the graphical
definition of the width employed by Fried, not to an
increase in the degree of mixing of the polymer chains; it
probably should not be expected that below T there is
enough molecular mobility to allow formation of a more
intimate mixture.
Phase separation of P
(
PCS-oCSI_bJ:ends . Mixtures exhibiting
a single glass transition throughout the entire range of
composition were prepared with PPO and P(pCS-oCS) copolymers
with pCS content of 0.23 through 0.65. All such blends
however became heterogeneous at elevated temperatures,
behavior indicative of lower critical solution temperature
(LCST) phenomena. The phase separation could be frozen in
by rapid cooling to temperatures below the glass transitions
of the components, and detected by the observation of two
T
g
's upon rescanning in the DSC. An annealing experiment
designed to locate the phase separation temperature
consisted of heating a sample known to be homogeneous at the
fastest available rate (320°C/min) to a selected annealing
temperature, and holding at the latter for an arbitrary time
period. Fifteen minutes was selected as a balance between
avoiding degradation and allowing enough time for
equilibrium to be established. Samples were then quenched
to ambient temperatures as rapidly as possible in the
instrument. Subsequent scanning at 20°C/min revealed either
one or two discontinuities in the heat capacity, according
to whether or not the phase separation temperature had been
80
exceeded. Figure 3.7 illustrates thermograms obtained fro.
such experiments with 40/60 P ( . 36pCS-oCS ) /PP0 blends. The
top trace is for a sample as molded, annealing at 285°C
Yielded an identical thermogram. However, 15 minutes at
305° led to a greatly broadened, but apparently single T
,
this is assumed to be just within the two phase region.
*
Annealing of a third sample at 327° produced two distinct
glass transitions.
Thus by conducting such annealing, quenching, and
heating cycles the phase separation temperature for a given
blend could be bracketed. Additional information is
contained in the thermograms of the phase separated
materials. The temperatures of the two glass transitions
could be determined, and the compositions of the phases thus
estimated by referring to the T
g
versus composition curve
for the one phase blends (Figure 3.6 for example). Tie
lines can thus be drawn, and a phase diagram constructed. A
Representative example is given in Figure 3.8 for
P ( .47pCS-oCS) /PPO blends. Open circles represent annealing
and quenching experiments leading to the observation of a
single T
g
on subsequent programmed heating; such points are
thus located in a region of phase stability. Filled circles
represent experiments leading to the observation of two
phases, tie lines were constructed from the two measured T
values and the T
g
versus composition curve shown in the
lower portion of the figure. Experiments were conducted
81
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Figure 3.7 DSC thermograms illustrating phase separation of
40/60 P ( . 36pCS-oCS) /PPO blends.
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Figure 3.8 Phase Diagram for P ( . 47pCS-oCS) /PPO blends
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ion
only for the middle 40/60 and 60/40 weight fract
copolymer/PPO blends. With compositions at the extremes the
amount of material in the minor phase was generally too
small to be detected with certainty by the DSC technique.
It should be noted that for systems with a phase diagram
like that illustrated in Figure 3.8, two phase glasses can
only be produced by rapid cooling from above the LCST curve.
Presumably at such low temperatures the equilibrium
situation is a single phase glass, assuming the absence of a
UCST. If held below the T
g
of both components, such phase
separated materials would probably remain so indefinitely.
The line separating the one and two phase region
represents a true phase diagram, the phase separation has
experimentally been found to be reversible. Adequate
periods of annealing below the LCST but above the glass
transitions of both PPO and chlorostyrene copolymer result
in the homogenization of previously phase separated blends.
Such samples can be cooled to ambient temperatures and
rescanned in the DSC to now detect the presence of a single
transition. The time necessary to reform single phase
blends is highly dependent on annealing temperature
(viscosity is probably the most important factor) , and on
the degree of separation started with. That the latter is
highly variable is demonstrated by microscopic work in the
next chapter. A few reversal experiments are listed in the
19paper mentioned earlier.
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The just described annealing experiments were carried
out for 40/60 copolymer/PPO blends as a function of
copolymer composition. The results are presented in Figure
3.9. Again, open circles represent annealing cycles
yielding single phase blends, filled circles represent
points in the region of phase instability. This is not a
phase diagram, however it best described the observed
compatibility of the P (pCS-oCS
) /PPO system. The maximum in
compatibility, as indicated by the highest LCST, occurs at
approximately 0.36 to 0.40 pCS copolymer composition.
Moving in both directions towards homopolymers PpCS and
PoCS, the phase separation temperatures rapidly fall to
intersect the T
g
of PPO. Thus ' copolymers outside of the
indicated miscibility range of 0.23 to 0.64 pCS content may
still be compatible with PPO in the equilibrium
thermodynamic sense at low temperatures, however this is
experimentally unobservable when one of the blend components
is already glassy. The equivalent diagram has also been
constructed for 60/40 copolymer/PPO blends, it is
indistinguishable from that given in Figure 3.9 for the
40/60 case. Presumably at extreme blend compositions, the
compatible range of copolymer composition would be wider,
and also reach higher temperatures.
The effect of increased molecular weight of the
copolymer on compatibility was illustrated with
P ( . 38pCS-oCS)
.
The weight average molecular weight of this
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Figure 3.9 Compatibility of 40/60 P (pCS-oCS) /PPO blends
versus copolymer composition.
copolymer is about three times higher than the copolymers
with 0.36 and 0.40 pCS content. a 40/60 P ( . 38pCS-oCS) /PPO
blend phase separated at 285°C, the corresponding blends
with the 0.36 and 0.40 pCS copolymers did not.
The DSC technique is a relatively fast way of
evaluating the compatibility of such polymer blend systems.
Here it is especially good due to the great separation in
the T
g
»s of PPO and the copolymers. However, phase
separation temperatures are not exactly determined, and the
glass transitions of phase separated blends cannot be
measured precisely enough to construct anything more than
the crude outline of a phase diagram. Despite the lack of
precision, it has proved to be invaluable as a means of
characterizing the compatibility of the P (pCS-oCS) /PPO
polyblend system.
Polymer stability via thermogravimetric analysis
. As
indicated in Figure 3.9, annealing experiments for
P (pCS-oCS) /PPO blends were carried out in a temperature
range of 200°C to over 300°C; such high temperatures raise
the question of whether polymer degradation is occurring and
obscuring the results. Thermogravimetric analysis (TGA)
experiments were conducted for three samples; PPO,
P ( . 27pCS-oCS)
,
and a 60/40 P ( . 27pCS-oCS) /PPO blend. A
Perkin-Elmer TGS-1 Thermobalance was employed, at a heating
rate of 20°C/min, 4 mg range, and with nitrogen atmosphere.
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Weight loss was monitored from ambient temperatures to
510°C. Although the TGA technique detects only weight loss,
this is usually a good first approximation for testing the
thermal stability of polymers.
All samples lost negligible amounts of weight up to
300°C. Table 3.4 lists the temperatures of 5% weight loss,
and the final percentage of weight lost as volatile products
at 510°C. The entire P ( . 27PCS-oCS) sample was volatilized,
such behavior indicates probable "unzipping"
(depolymerization) as the degradation mechanism. This is in
contrast to the behavior of polystyrene, which leaves a char
of typically over 50% of its initial weight. 39 The thermal
degradation of PPO is discussed in detail by Factor; 40 the
observed final 57% weight loss is consistent with his
results. However, h& asserts crosslinking occurs during
thermal degradation, this would have a large effect upon
phase separation, but would not be detectable by TGA.
Assuming 100% final weight loss of copolymer in the blend
studied, the observed 72.5% value for the blend implies only
31% of the PPO has volatilized, or about one-half that of
the unblended PPO sample. Some sort of interaction
affecting the degradation of PPO or the copolymer has
occurred, even though the materials certainly had phase
separated in the temperature range of the occurrence of
degradation.
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Table 3.4 Results of Thermogravimetric Analysi
samPle 5% weight loss
j ,o_ % finaltemperature ( UC ) weight loss
PPO 453
P( .27pCS-oCS) 405
56.8
100.0
60/40 42 8
P ( . 27pCS-oCS) /PPO 72,5
It is however concluded that thermal degradation is
not an important factor in the temperature range of interest
(200 - 300°C) for P (pCS-oCS) /PPO blends.
P(pCS-S)/PPQ Blends
For the P(pCS-oCS)/PPO blends discussed in the last
section, random copolymers mix with PPO but the two
respective homopolymers do not. Blends of copolymers of
styrene with 4-chlorostyrene present the contrasting
situation of one end of the copolymer composition spectrum
clearly mixing with PPO, i.e. PS, while the other
homopolymer, PpCS
,
does not. Usually 50/50 weight fraction
P(pCS-S)/PPO blends were studied via calorimetry in order to
monitor the transition from compatibility to incompatibility
as a function of copolymer composition; specifically in
search of lower critical solution temperature behavior.
P(pCS-S)/PPO blends have been studied via DSC by Fried, 4 ' 20
37 38Shultz and Beach, and Tkacik; however, evidence for
89
phase separation at elevated temperatures has not been
reported.
Annealing experiments were conducted in the
calorimeter, in the same manner as described previously for
P( PCS-oCS)/PPO blends. Lower critical solution temperature
behavior was observed. Molding at 200°C yielded single
phase 50/50 copolymer/PPO blends for all copolymers listed
in Table 2.4; phase separation was observed for all blends
with pCS content of the copolymer of 0.594 or higher.
Figure 3.10 presents DSC thermograms for a typical
experiment with a 60/40 P ( . 679pCS-S ) /PPO blend; the top
trace is for an as molded sample, the bottom after 15
minutes annealing at 280°C. Figure 3.11 presents the
results of the annealing experiments, this plot is analagous
to Figure 3.9 for P (.pCS-oCS) /PPO blends. Open circles again
represent annealing leading to the retention of a single
phase, filled circles represent annealing yielding two phase
samples. Phase separation was also found to be reversible
for these samples. The phase separation temperature is seen
to drop by about 100° in a 16% copolymer composition
interval, thus spanning the range of temperature from
possible degradation to the PPO T . The "transition zone"
for miscibility with PPO from compatible styrene rich
copolymers to incompatible parachlorostyrene rich copolymers
must now be considered to be between about .60 to .76 pCS
comonomer content, which is in disagreement with the
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Figure 3.11 P(pCS-S)/PPO compatibility versus copolymer
composition
.
conclusions of Fried 4 ' 20 and Shultz and Beach, 37 who
asserted that a sharp transition occurs with copolymer
composition. However, their results are not incorrect, but
simply do not take temperature into account when defining
the miscibility of the blends.
P(oCS-S)/PPQ Blends
Similar behavior to the P(pCS-S)/PPO system was
observed for blends of copolymers of styrene and 2-
chlorostyrene with PPO. Fewer such P(oCS-S) compositions
were prepared (see Table 2.5), so the transition zone is not
as well defined. Again 50/50 weight fraction copolymer/PPO
were studied as a function of copolymer composition. Figure
3.12 presents the results of annealing experiments, within
experimental error this behavior is identical to that for
P(pCS-S)/PPO blends presented in Figure 3.11. The symbols
have the same meaning as before.
PS/PoCS Blends
Blends of poly (orthochloros tyrene) (PoCS) and Monsanto
HH101 polystyrene resin (PS) have been found to be
compatible by the DSC technique. Phase separation at a
lower critical solution temperature occurs for blends of
these two high molecular weight polydisperse materials. The
effect of molecular weight has been studied by substituting
"monodisperse" polystyrenes of varying chain length.
9 3
Figure 3.12 P(oCS-S)/PPO compatibility versus copolyitv
composition
.
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Single phase blends of PS and PoCS were obtained by
compression molding the coprecipitated powders at 135°C .
The DSC glass transitions obtained at 20°c/min are listed in
Table 3.5, and are plotted versus blend composition in
Figure 3.13. Although the respective glass transitions of
the pure materials are not as separated as those of PPO and
the chlorostyrene copolymers, PS/PoCS blend thermograms
exhibit similar features to those displayed by P(pCS-oCS)/
PPO blends. Transitions of blends were broader than those
of the unblended materials (approximately 32°c for a 50/50
blend versus 22° for pure materials)
, and the enthalpy
relaxation endotherm did not appear on thermograms of
quenched blends as it did for PS and PoCS. Blend T 's were
g
depressed from those predicted by additivity, but only
slightly. The T
g
of 50/50 PS/PoCS was measured as being 3°C
lower than the linear additivity prediction (equation 3.4)
and 2°C lower than reciprocal additivity (equation 3.1)
.
Table 3.5 PS/PoCS Glass Transition Temperatures
weight fraction PoCS T (°C)
°- 104
0.2 109
0.4 113
0-5 115
0.6 118
0.8 124
1.0 131
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Figure 3.13 PS/PoCS Tg versus composition.
PS/PoCS blends phase separated at temperatures fairly
close to the PoCS T
g
.
A 50/50 blend displayed a single T
after annealing 15 minutes at 135°C. However, the sing^
transition was broadened after 15 minutes at 150°c,
indicating possible separation into phases close in
composition. Annealing at 160° produced slightly parted
transitions; annealing at 170°C yielded a distinctly
separated sample, thermograms for this experiment are given
in Figure 3.14. Thermograms produced by annealing at even
higher temperatures were however very similar to that in the
lower portion of Figure 3.14. The T
g
's of PS and PoCS are
not far enough removed to allow any degree of precision in
constructing phase diagrams as was done for P (pCS-oCS) /PPO
blends. The phase separation for PS/PoCS mixtures was not
demonstrated to be reversible. A number of attempts were
made, including overnight annealing at 135°C for samples
phase separated for only five minutes. The separation of
PS/PoCS blends is still believed to be a reversible
equilibrium process, the seeming inability to rehomogenize
blends may be due to kinetic factors. At 135°C, the
mobility of PoCS and PS segments is low, this is only 4 and
31°C above their respective glass transition temperatures.
Reversal of phase separation of P (pCS-oCS) /PPO blends was
accomplished at temperatures usually in the 230° to 260°C
range, which are over 100° and 130° above the glass
97
Figure 3.14 DSC thermograms for a 50/50 PS/PoCS blend(a)Sample as molded; (b) After 15 minutes,
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transitions of P(pCS-oCS) copolymers; thus in this case one
of the materials is highly mobile.
Blends of PoCS with narrow dispersity polystyrene
molecular weight standards obtained from the Pressure
Chemicals Company were prepared. Mixtures 50/50 by weight
with PS10K, PS20K, PS37K and PS2000K (the numeral is the
molecular weight in thousands) were coprecioi tated
.
Mixtures PSIOK/PoCS were highly compatible, phase separation
did not occur up to 320°C ; PS20K/PoCS blends were
investigated up to 250°c without detection of an LCST. The
relative effect of molecular weight should be larger at
lower chain lengths than higher chain lengths, this is
apparent from equations 1.3 and 1.4. Nishi and Kwei 41 have
studied the effect of molecular weight on PS/PVME blends
with similar polystyrene samples, they observe a precipitous
drop in the LCST as short chain lengths are made slightly
longer. The PS37K/PoCS sample phase separated at 150°C,
confirming the large molecular weight coefficient of the
LCST in this range. Surprisingly, PS2000K was still found
to be compatible with PoCS.
Contrary to what might be expected, the very
compatible low molecular weight blends did not display a
transition any narrower than those exhibited by the high
molecular weight polydisperse PS/PoCS blends.
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Other Polyblends
Poly(parachlorostyrene) has been found to be
incompatible with polystyrene, such PS/PPCS mixtures exhibit
the glass transitions of the pure components. The DSC
technique will not distinguish two phase PpCS/PoCS blends
from homogeneous mixtures since the T
g
's of the pure
materials are identical. However, evaporating toluene from
co-solutions of PpCS and PoCS yields samples which are
macroscopically phase separated, similar results are
obtained from PS/PpCS co-solutions. Compatible blends of PS
and PoCS may however be prepared via solution casting from
toluene. PoCS has been found to be compatible with
isotactic polystyrene. Poly (3-chlorostyrene) (PmCS) is
apparently incompatible with both PS and PPO. By the
solution casting technique, PPO and PVME (which mixes with
PS) have been judged to be immiscible. The other
polyphenylene oxides mentioned in Chapter II have been
blended with PS by coprecipitation
. The diphenyl and
methyl-phenyl materials were found to be incompatible with
PS, the T
g
of the methyl-benzyl material was too close to
that of PS to make an assessment of compatibility.
The blend system PS/PPO is believed to be the "most
compatible" of all those studied in this work, PS/PPO blends
were found to be stable up to degradation temperatures.
Higher molecular weight materials were blended in search of
100
an LCST for the pair; however a 50/50 PS2000K/PPO-H blend
was still found to be stable up to 320°c (PPO-H has an M
w
about 1.5 times that of the regular PPO used in these
studies, see Chapter II for detailed characterization
information)
.
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CHAPTER IV
OBSERVATIONS RELATED TO THE MORPHOLOGYOF PHASE SEPARATED SYSTEMS
in this brief chapter a number of observations of the
heterogeneous nature of phase separated samples are
discussed. in particular, visual and microscopic
information is correlated with knowledge already obtained by
the calorimetric technique.
Visual Observations
Even the most casual examination of films of the
blends prepared in this work distinguishes immediately
between homogeneous and two phase materials; single phase
blends are clear, phase separated mixtures are cloudy.
Clarity of films is a widely quoted criteria for the
compatibility of a mixture, and with all the materials
studied here visual observations correlate with the results
of calorimetry. As a general rule of thumb, cloudy or
translucent blends implies that the phases are of sizes on
the order of the wavelength of visible light or larger,
there must also be a difference in the refractive index of
the components to scatter light. Thus the clarity of films
is not a sufficient condition for the compatibility of
mixtures; Gesner 1 for example discusses heterogeneous ABS
104
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are
materials (acrylcnitrile-butadiene-styrene) which are
optically clear due to refractive index matching and small
phase sizes t
Compatible blends of PPO with P(pCS-oCS), P(pCS-S) or
P(oCS-S) copolymers of the appropriate compositions are all
clear, and yellow in tint dependent upon PPO content.
Samples molded above the LCST's of the respective blends
quenched and cloudy, however even incompatible PpCS/PPO and
PoCS/PPO blends cannot be considered completely opaque.
Reversal of phase separation as indicated by DSC experiments
is also accompanied by the clarification of the films.
The detection of the onset of turbidity while heating
polyblends is a technique commonly used to construct phase
2 3 4diagrams,
' ' however McMaster 5 warns that for polydisperse
systems on such a cloud point diagram the two compositions
connected by a horizontal tie line are not in equilibrium
with each other. A simple hot stage was constructed in
order to monitor the intensity of transmitted light as a
function of temperature for blends prepared in these
studies. A decrease in intensity was observed as samples
began to phase separate; however the phase separation
temperatures inferred from the observed inflection points of
intensity versus temperature plots were not reproduceable to
within 5°C, Problems were encountered in the stability of
the light source, in the formation of bubbles, and with the
wetting of the polymers to the glass slides used. This
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technic does bear promise, and is left ag , ^
future investigations of the phase separation of blends.
Mechanical ObservafW
Mechanical properties were not measured for any of the
system studied. However, the very qualitative observation
was made that films of blends molded above their LCST were
™0re brittle films
° f the same materials molded in the
single phase region. This may impiy poor adhesion between
phases, or the oreation of some kind of defect in the phase
separated samples. Fried 6 has studied ultimate tensile
properties of P(pCS-S)/PPO blends. Two phase blends
generally exhibited a lower tensile strength than either of
the pure components, an increase in strength above that of
the pure component average was usually found for compatible
blends. Kleiner7 found similar increases for PS/PPO blends.
In both studies it was suggested that the tensile strength
of compatible mixtures may be related to blend
densification, which is a function of the depression in the
blend T
g
and thermodynamic volume changes on mixing.
Further future correlation of mechanical properties with
observations of compatibility holds great interest.
Scattering Studies
Low angle X-ray scattering (LAXS) was employed in an
attempt to possibly gain information on phase separated
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systems. Three samples were considered using a Kratky
collimation system, with Cu radiation. Samples studied were
a 40/60 P(.64PCS-oCS)/ppo blend molded for two minutes in
the two phase region, another of the same composition molded
at somewhat lower temperatures such that a very broad
transition was observed in the DSC, and a 40/60 P(.47pCS-
OCS)/PPO blend molded in the one phase region. No long
period was found for any of the samples, indicating the
absence of uniformly sized structures; the range of sizes
probed by this technique is from about 20 to 3000 A. 8
However, the single phase sample did exhibit a somewhat
lower degree of scattering at the lowest angles.
In the group of Dr. R. S. Stein at the University of
Massachusetts, light scattering has been used to monitor the
phase separation of 40/60 PS/PoCS blends. 9 Samples were
annealed at 190° for varying lengths of time, and then
studied at ambient temperature; maxima in the scattering
curves were observed. Structures with the equivalent Bragg
distances of about 4000 A after 0.25 hours at 190°, ranging
to approximately 25000 A after 5 hours, were inferred. The
observation of the regularly sized scatterers was taken to
be evidence for spinodal decomposition.
Electron Microscopic Studies
Fracture surfaces of two phase blends were studied
with a scanning electron microscope in order to attempt to
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directly observe their morphology, and to study phase
separation as a function of time.
The instrument employed was an ETEC Autoscan U-l I
scanning electron microscope (SEM)
, equipped with an EDAX
energy dispersive X-ray analyser. Samples were prepared
from relatively thick films (15 mil) by immersion in liquid
nitrogen for approximately 30 seconds, and were immediately
fractured by a simple bending motion. Silver paint was used
to mount films to the sample holders edge on, all were then
chromium coated under vacuum.
A number of photographs taken are presented in Figure
4.1; Figures 4.1. a and 4.1.b are 6000 magnification, the
remainder are 5000 magnification. The bar in the key of
each picture represents one micron.
Figures 4.1. a and 4.1.b are for 40/60 P ( . 43pCS-oCS)
/
PPO blends molded for two minutes below and above the LCST,
respectively. An obvious change in the fracture pattern
occurs, DSC and visual observation confirm the one and two
phase nature of these mixtures. The effect of time on the
phase separation of similar blends is illustrated in Figures
4.1.c to 4.1.f, these are all for 50/50 P ( . 62pCS-oCS) /PPO
mixtures. Molding just at the LCST yields the grainy
pattern in 4.1.C, DSC indicates a single but greatly
broadened T
g
for this sample. Figures 4.1.d, 4.1.e, and
4.1.f are for the same blend molded 20° higher (at 260°C)
,
for times of 2 minutes, 30 minutes, and 120 minutes,
Figure 4.1 Scanning
a. 40/60 P(.43pCS-oCS) /PPO
b. 40/60 P ( . 43pCS-oCS) /PPO
c. 50/50 P ( . 62pCS-oCS) /PPO
d. 50/50 P ( . 62pCS-oCS) /PPO
e. 50/50 P( .62pCS-oCS) /PPO
f. 50/50 P ( .62pCS-oCS) /PPO
g. 60/40 PS/PoCS
h. 60/40 PS/PoCS
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Electron Micrographs
2 minutes 260°C
2 minutes 300°
2 minutes 240°
2 minutes 260°
30 minutes 260°
120 minutes 260°
2 minutes 135°
2 minutes 230°
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respectively. An immense change in the size of the
structures is observed, by at least a factor of ten overall.
Calorimetric T
g
's are however the same within limits of
error for all three samples, thus the composition of the
Phases apparently does not change with time, only their
size. By use of the ancillary X-ray analyser, the
fluorescent X-rays emitted of a given wavelength can be
counted, thus the relative content of a given element can be
determined. The sample in Figure 4.1.f was studied at
higher magnification, such that the beam encountered only
the "grey" or the "white" regions. The chlorine content of
the whitish pulled out areas was double that of the greyish
areas, thus the former are the copolymer rich phases and the
latter are the PPO rich phases. The method cannot however
be used to determine phase composition, since the beam
penetrates a finite depth and may encounter material from
both phases
.
4McMaster has monitored the phase separation above an
LCST of another amorphous polyblend system with time via
transmission electron microscopy employing microtomed
samples. By careful observation of size versus time he has
interpreted the results by use of the theory for spinodal
decomposition, and has calculated diffusion constants. The
results obtained here with fracture surfaces are not as
amenable to, or complete enough, for such analysis. However
the apparent size of phases and rate of growth are
115
consistent with the McMaster results.
Figures 4.1.g and 4.1.h are for 60/40 PS/PoCS blends
molded for two minutes in the one and two phase regions, at
135° and 230°C/ respectively. a change in the fracture
pattern is evident. However, X-ray analysis of the lower
and raised areas of sample 4.1.h indicate the same chlorine
content, the individual phases may be too small to detect
with this technique. PS and PoCS are similar, brittle
materials, while PPO fails in a ductile mode; fracture
surfaces may be a poor method for study of PS/PoCS blends.
Further study of this system as a function of time and
temperature is certainly warranted.
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CHAPTER V
DIELECTRIC PROPERTIES - INTRODUCTION
The measurement of the electrical characteristics of
insulating materials (dielectrics) can be a powerful probe
of the molecular properties of the materials. The
macroscopically measured dielectric constant and loss
provide information on the molecular environment, and on the
motion of the molecules in consideration. In this chapter
the concepts of dielectric constant and loss are discussed,
relations between macroscopically observed polarization and
microscopic moments are given, and phenomenological
treatments of relaxation are reviewed. Also, the
experimental methods employed, and the appropriate data
reduction techniques are described. Chapters VI and VII
discuss the results obtained for the pure materials, and
polymer blends studied, respectively. For a thorough
discussion of the concepts to be considered here, consult
1 ? ^texts such as those by Smyth, Hill et al., Daniel, McCrum
4 5et al w and Hedvig.
Dielectric Constant and Loss
If a parallel plate capacitor of essentially infinite
area A (relative to the separation of the condenser plates
d) is charged by placing charges qQ equal in magnitude and
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opposite in sign on its plates, a potential VQ is developed:
V = q / C0 o ' o (5.1)
CQ is the capacity of the condenser in vacuo, given by:
C = e A / d
° ° (5.2)
Here £q is the permittivity of free space, 8.85 x 10-12
farad/meter. If
. dielectric material is now placed between
the charged plates, the voltage is reduced to V, indicating
an increase in the capacitance to C of the condenser. The
ratio of the voltages or of the capacitances with or without
the dielectric material defines the dielectric constant e of
the material.
E V - CQ (5.3)
This is referred to as the static dielectric constant or
static relative permittivity; the voltage V is that which
results after an infinite amount of time. The quantity qQ
is the true charge applied, however only a portion of it, q
known as the free charge, actually contributes to the
voltage. The difference (qQ - q^ divided by the area A is
thus the polarization of the dielectric. The polarization
of an isotropic material arises generally from three
sources. The electric field causes an electronic
polarization due to a relative displacement of electrons,
and an atomic polarization due to the relative displacement
of nuclei; together these are called the distortion or
deformation polarization, and occur essentially
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instantaneously. The third source is the mechanism of
interest, if the material contains permanent dipoles they
will tend to align with the field, this produces the
orientation polarization.
The orientation polarization is time dependent, the
resulting apparent dielectric constant increases with time
for a constant applied field. The instantaneous response
defines the unrelaxed dielectric constant «0f the response
after an essentially infinite amount of time defines the
relaxed dielectric constant e R . The quantity (e R
- t ) is
referred to as the dielectric increment, or the relaxation
strength. The notation of McCrum et al
.
4
has been adopted
here, in much of the literature U
q
- c
m ) or fe - £ ) are
used to express the same quantity.
If an alternating field E = Eo exp(iwt) of radial
frequency w is now applied, an alternating polarization is
produced which lags the applied field by a phase angle 5.
Thus the complex dielectric constant is written:
ie" (5.4)
where e' and c" are the real and imaginary components of the
complex dielectric constant. The loss tangent is given by:
tan fi » e" / e' (5. 4a)
For dynamic experiments, the permittivity values £t3 and eR U
are taken to be limiting values of the real part of the
dielectric constant e' at low and high frequencies,
respectively. The force opposing the orientation of dipoles
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is entropic in nature, the* i 3n o-f +.u
'
ne of the response to the field
indicates the loss of energy. This energy loss is
dissipated as heat, such Joule heating is directly
proportional to e» (thus called the dielectric loss factor)
and the frequency
.
The magnitude of the orientation polarization of bulk
polymers depends not only on the dipole moments of the
monomeric units, but on any correlations between dipoles.
Experimental methods yield only dielectric constants and
loss, use must be made of theoretical calculations of the
static permittivity to obtain the effective dipole moments.
Debye first derived the relation:
£ R - 1 _ 4 yo
2
e R + 2
" I 77 N ae + 3kT (5.5)
which relates the permanent dipole moment »Q , deformation
polarizability a Q and density of dipoles N to the static
dielectric constant e R . The Clausius - Mosotti equation
relates the unrelaxed permittivity
£u to the instantaneous
distortion polarizability ct Q :
«0 - 1 4
£u + 2
=
3 lNae ( 5 - 6 >
Equation 5.5 has been found to experimentally describe gases
or dilute solutions or polar materials where the local field
experienced by the molecules is the same as that applied.
For condensed phases (such as the polymeric liquids to be
considered in this work) the internal field is not the same
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as that applied; Onsager 7 f irst derived a relatiQn
able to liquids and solids:
ue
2
=— JV!£iV^
47rN e
R Uu + 2)
2 (5.7)
As applied to polymers in this work Vq 2 is the experimental
effective dipole moment per monomer unit if N is defined as
the number of repeat units per unit volume. The Onsager
equation does not take into account correlations between
dipoles, which will be important for polymers. Kirkwood 8
accounted for such short-range interactions, but only in-
cluded the deformation polarization in an empirical manner.
Frohlich 9 derived a relation similar to those of Onsager
and Kirkwood which is accepted as the best model to date. 4
The Frohlich equation is obtained from the Onsager relation
if the simple substitution below is made:
y
e
2
= g y o
2
(5.8)
The factor g is called the orientation correlation function,
and can be expressed by:
No9=1+2 cos y ij (5.9)
j, j + i
The factor cosy ij is the average of the cosin of the angle
between dipole i, considered as being fixed in space, and
dipole j. Summation over j is done for all N dipoles, thus
g accounts for all correlations between dipoles of a sample.
In the Kirkwood theory, g is given by:
g = 1 + z cos y (5.10)
Here the z equivalent nearest neighbors are accounted for.
in order to obtain g and ^ by using the combination Qf
equations 5.7 and 5.8, the information required consists of
the two limiting dielectric constants e
R and tfJ . the density
of dipoles N, and a value for Uq . As an estimation of Mq ,
values for the gas phase dipole moments of model compounds
for the appropriate repeat units are employed. For example,
the moment p Q = 2.21 D (Debye units) is the literature
value 10 for parachlorotoluene
, this is taken as the model
compound representing Poly (parachlorostyrene)
. Other treat-
ments of the static permittivity exist in the literature,
see for example Cole 11 or Harris and Alder. 12
Dielectric Relaxation
The preceding section was primarily concerned with
information derived from the limiting values of the real
part of the complex dielectric constant. However, informa-
tion can also be gained from study of the time dependence
of e' and e". The orientation polarization depends on the
rate dipoles can align with the field, which is in turn
dependent on the properties of the molecules themselves, and
on external stimuli such as temperature and pressure. When
e* for a given fluid sample at a given temperature is fol-
lowed as a function of increasing frequency, e" is seen to
go through a maximum at some frequency w
m
(the dispersion
curve), while simultaneously e* falls from its static value
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e
R to its high frequency limit
e<J . The angular frequency Qf
maximum loss % oan be used to define an average relaxation
time T:
T = 1 / go
m (5.11)
where
.
= 2»f,f being the linear frequency. If the relaxa.
tion process can be described on the basis of a single re-
laxation time T
q , the relations below derived by Debye 6
hold; see Hill 2 or Daniel 3 for alternate derivations.
£ 1 (u) = e„ +
£
R " £ U
U
1 + W
2
T
2 (5.12)
o
o
Expressed in terms of e*, 5.12 and 5.13 can be written:
£ * " eU
=
l
e R - e 1 + i W TU
° (5.14)
Plotted in the "complex plane" of e " versus e'
, the Debye
relations describe a semicircle with center (s + e ) 0R U
and radius (e
R - Most materials including
2polymers
however show a broader dispersion curve and lower maximum
loss than preducted by 5.12 and 5.13.
A number of empirical relations, similar in form to
the Debye equations, appear in the literature as an attempt
to describe real materials. Cole and Cole13,14 write:
£ *
"
£U ' 1
£
R "
£
U
" 1^ (iu)T ) ^ (5 ' 15)
o
The Cole-Cole equation reduces to the Debye result for
- - 0. A continuous distribution of relaxation times is
now implied, each T being determined from:
»T - ( v/u ) 1" " (5.16)
Figure 5.1 illustrates the meaning of u and v, and the
graphical determination of * from the angular depression of
the center of the arc.
Davidson and Cole 15 ' 16 gave an empirical relation
that results in a skewed complex plane arc, and like the
Cole-Cole equation, implies a continuous distribution of
relaxation times.
e* - e
U
eR eU (1 + iuiT) a (5.17)
The parameter a (and the Cole-Cole parameter or) is cons-
trained to fall between 0 and 1, a = 1 results in the Debye
expression. Equation 5.17 yields a linear plot of e" versus
e' at high frequencies, at an angle of att/2 with the e'
axis. Havriliak and Negami 17 combined the two approaches
just discussed to obtain:
e * - £
U
£ — f
~
i
_™ a (5.18)
R U ( 1 + (i^T) 1 a B
They were able to fit the data for the * relaxation for a
number of polymers by adjustment of both parameters.
1
8
Fuoss and Kirkwood gave another empirical expression,
also implying a distribution of relaxation times, to fit
loss data for polymers
:
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Figure 5.1 Cole-Cole arc.
(5.19)
(5. 20)
m
H(x) = H(O) sech mx
with involves the frequency of maximum loss „
m
x = In ( u/u> )
m
and functions H given by
H(x)
_
e " ( 2 + i/ e . 2
H (0) — L
£ «
m (2 i
J^TTT, (5.21)
Quantities with subscript
. are values at the frequency of
maximum loss. Making the approximation H(x)/H(0) = ,/."
and equating m=l results in 5.22 which can be rearranged
into the single relaxation time (Debye) expression.
«" = £
"
m sech in BT (5>22)
Rearranging 5.19 through 5.21 gives:
cosh" 1 ( H(0)/H(x) ) = mx (5>23)
Thus m. may be obtained graphically as the slope of a plot
of the left hand side of 5.23 versus log frequency.
An alternate manner of considering dielectric relaxa-
tion is in terms of a decay function +
(
t ) , which discribes
the decay of polarization of a material that had been
exposed to a constant field after the field has been switched
off suddenly. By use of the superposition relation the
complex dielectric dielectric constant may be written: 19
U
_
r d<j> (t)
r r-r- - ) - -jr— exp(- i w t) dt (5.24)
R U o
The single relaxation time case results for:
<Ht) = exp (-t/T) (5.25)
William et al."-21 have proposed an ^^
tion, equation 5.26, with an adjustable parameter 6, and
have been able to successfully describe . relaxation data
for polymers.
<b (t) exp - ( t/T ) 6
o' (5.26)
Geny and Monnerie, on the basis of correlation functions
(in time) derived for a lattice model, propose a decay
function which also fits well the asymmetric relaxation
data observed for polymers:
.(t, - e-t/e et/P erfc t/p (5^ 7)
This relation in essence has only one adjustable parameter,
9/p. For e/p = 2 they have closely fit PpCS data. Discus-
sion of the correlation function approach for describing
dielectric relaxation is beyond the scope of this work,
papers by Cook, 19 Cole, 23 ' 24 Steele 25 and Shore 26 are
suggested as references. Other theories of dielectric dis-
persion abound in the literature; it has, however, been the
purpose of this section to describe those approaches used
in the next two chapters, as well as those others considered
to be particularly of interest.
Experimental
The « relaxation, related to the glass-liquid transi-
tion, has been studied for many of the pure materials and
blends previously discussed. Dynamic measurements by a
transformer ratio arm bridge technique in the frequency
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Plane from 50 Hz to 100 kHz have been made at constant
temperature. A few temperature plane constant frequency
measurements were made. An ancillary technique of studyina
the polarization of polymers, the observation of thermally
stimulated decay currents, has been employed.
Dynamic measurements
. Measurements of the complex dielec-
tric constant were performed with a General Radio 1620-A
Capacitance Measuring Assembly. m the dissipation factor
mode the instrument measures the equivalent series resis-
tance and capacitance of the sample, equations 5.28 through
5.30 describe the calculation of the desired values.
tan6 = D v
e' = C / (( c ( 1 + tan 2 6 ))
(5. 28)
Q \ x t o (5.29)
£ " " e ' tan6 (5.30)
where D - dissipation factor readina
C - capacitance reading
v - frequency in kHz
C - capacitance empty cell
Samples were held in a Balsbaugh model LD - 3 three
terminal cell, with electrode diameter of 5.3 cm. Tempera-
ture was controlled to within 0.2°C with a Versatherm
Proportional Controller supplying power to cartridge heaters
embedded in an aluminum block the cell rested on. Tempera-
ture was monitored via a copper-cons tantan thermocouple.
The capacitance of the empty cell C
q
in vacuo was
approximated by that in air; values of Cq as a funct.on of
Plate separation were determined by use of shims of known
thickness. The following empirical relation determined by
past users of the instrument was found to be valid for
samples in the range of 10 to 20 mils thickness:
C
o
=
(
565/thickness in mils) + 9.0 (5.31)
A computer program was written for data reduction
employing relations 5.28 through 5.31; this is found in
Appendix I as DFILE
,
a sample data set is included. Another
program was written for normalization of « and .»
, and
preparation of plots to determine the Fuoss-Kirkwood
parameter. This employs the same data files as' DFILE, and
is found in Appendix I as NORMALL.
Samples were compression molded into disks of adequate
diameter such that there was overlap of the guard ring, the
aluminum foil used in molding was left adhering to one side
of the sample to ease removal after measurements, account
was taken for the thickness of the foil in determining Cr
o
Sample thickness was measured with a micrometer, typical
values were in the 10 to 20 mil range. Early measurements
indicated problems with changing electrode spacing with time
after the sample had been mounted and the temperature set.
This difficulty was avoided by preheating the apparatus with
sample in place to the lowest desired temperature of
measurement the night before data was to be taken, and
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applying as much pressure as was possible with the
micrometer screw on the cell. During the overnlght
equilibration period stresses were damped out and the CQ
value could be assumed constant for an entire run. The
°
problem was more severe for samples of low relaxation
strength. One hour was allowed between frequency scans to
allow equilibration of temperature.
The largest error of the measurements is in the
dielectric constant, sample thicknesses were not known to
better than ± 1 mil, and rarely were they completely uniform
in thickness. No attempt was made to account for the plates
being slightly off parallel, for the thermal expansion of
samples, or for any change of cell dimensions with tempera-
ture. Occasionally upon removal of samples, the side without
the aluminum foil showed evidence that there had been air
gaps, they however covered a very small percentage of the
electrode area. The capacitance of the empty cell was not
known with accuracy either; comparison of the value used
from equation 5 . 31 of C
q
= 4 . 67 x 10
-11
farad with the
theoretical value of 5.12 x 10' 11 farad (from equation 5.2)
for a sample of 15 mils thickness indicates this problem.
An error as high as 10% in the reported values of the
dielectric constant is possible; disparity in literature
values for the same materials evidences the ubiquity of this
problem.
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The bridge itself should be accurate to better than
1%, the precision of individual measurements depends largely
on the tuning in of the desired frequency. Repeated
measurements for a given sample indicate that the precision
of measurement was also better than 1%.
Numerous sources of error contribute to the various
parameters and values calculated. The errors in the
dielectric constant just discussed fortunately do not have a
major effect on the calculated dipole moments. Both
limiting dielectric constants are affected in the same
direction for a given error in CQ , thus the relaxation
strength (the most important factor in the Onsager relation)
is not grossly changed if for example the thickness of a
sample is overestimated. The largest errors in y 2 and g
come not from propagation of such random errors, but from
difficulties in extrapolation to the limiting dielectric
constants on complex plane plots. The problem is worse the
lower the relaxation strength of a sample is, a reasonable
estimate is an error of +0.03 in the values of g obtained.
Cole-Cole and Davidson-Cole parameters have been
determined, the graphical procedures employed are also more
difficult for the less polar samples, errors in these values
may be 0.05 or worse (precision).
Another source of error lies in the temperature. Due
to the on-off nature of the temperature controller, small
cyclical variations resulted, however these appeared no
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worse than ± 0.2°C. The thermocouple was bound tightly
around the guard ring, insulated electrically from it by a
thin layer of teflon tape. it is believed to accurately
reflect the temperature of the samples themselves due to the
allotment of one hour for equilibration of the temperature
between measurements. The equipment operated at about 20 V.
Using a relation found in Hill 2 on p. 47, a negligible
temperature rise due to Joule heating of about 3 x 10" 5 °c
was calculated for a sample with =
.3 for one minute at 1
kHz. A heat capacity of 2.5 joule/g°K was assumed.
Thermally stimulated currents measurements . The thermally
stimulated discharge currents (TSD) technique involves the
preparation of a polymer electret by application of a strong
electric field at temperatures above the glass transition
(or melting range for a semi-crystalline sample)
, followed
by cooling to below T
g
in the presence of the field to
freeze in the polarization. The field is then removed, the
electrodes are connected through a very sensitive ammeter,
and the decay of polarization is followed by observing
current as a function of temperature. Such experiments were
performed for a few of the materials studied in this work; a
previous publication describes some of the results. 27 The
technique is described in detail in the literature. 28
" 31
The equipment used for this study was the Electret
Thermal Analyzer, manufacutred by Toyo Seiki Seisaku-Sho
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Ltd., it was made available for our use by Atlas Electric
Devices CO. of Chicago, 111. Current was measured by a
Keithley model 410A picoammeter other-'"met , her components included a
d.c. power supply for polarization
, a temperature
programs, and a chart recorder. Samples of thickness 5 to
15 mil were fused to the two terminal electrode assembly of
diameter 1.9 cm by heating to above T
g_
before charging.
Polarization was accomplished by holding 30 minutes at
temperatures that were sample dependent, poling fields
employed ranged from 25 to 50 kv/cm. After cooling to
ambient temperature and removal of the field, current was
recorded at a heating rate of 2°C/min. The charge released
was determined by integration of peaks with a planimeter.
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CHAPTER VI
DIELECTRIC PROPERTIES OF THE PURE
POLYCHLOROSTYRENE MATERIALS
This chapter describes the observed dielectric
properties of the non-blended materials. included are
measurements on polystyrene (PS) and homopolymers of 2, 3
and 4 chlorostyrenes, PoCS
, PmCS and PpCS
, respectively.
All three copolymer systems described in Chapter II have
been studied. Results for blends and for pure PPO are
discussed in the next chapter. Quantitative description of
the a relaxation was the object of this study; representative
data for PoCS are described in detail.
Representative Data and Analysis
Figures 6.1 and 6.2 present e " versus log f and e '
versus log f for poly (orthochlorostyrene) (PoCS).
Measurements were made at 16 frequencies spanning the range
of 50 Hz to 100 kHz, at four temperatures. The complex
plane representation (arc plot) of e" versus e' is given in
Figure 6.3. It is seen that the entire dispersion can be
described with the available range of frequency by varying
the temperature over approximately a 15°C interval. The
data describe a skewed arc, circular at low frequencies and
high temperatures, broadened and linear at high frequencies
138
0.30
0.25
0.20
to
0.15
0.10
0.05
o 15 1 .4 °C
155.3
A 160.2
V 165.0
log f
Figure 6.1 PoCS - e" versus log f.
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and low temperatures. Such a shape is typical for the a
relaxation of amorphous polymers. 1 The limiting dielectric
constants e
R and ^ are taken as the points of intersection
of the extrapolated curve with the e ' axis. Over such a
temperature range, apparent superposition of the data is
observed, and any variation of either of the limiting
dielectric constants with temperature is undetectable within
experimental error. For polystyrene type polymers, the
relaxation strength ( £r - has been found to be
proportional to 1/T, 2 ' 3 as expected from the Onsager
equation. 1 Such behavior is also observed for other
amorphous polymers such as PVC 4 and poly(alkyl
methacrylates)
.
5
Although for the available frequency
range, data at any one temperature are not adequate for
determination of both e
R and the (eR
- values
reported are however considered to be an isothermal I
estimate, at the temperature substituted in the Onsager
relation when calculating the dipole moment. The values e R
and Ey, plus knowledge of the density of the polymer permit
calculation of the effective dipole moment per monomer unit
via the Onsager equation (5.7) . Once y
e
has been thus
determined, the dipole correlation coefficient is calculated
via equation 5.8,
Values of the maximum loss z " and frequency of
maximum loss f can be estimated from Fiqure 6.1 at each
m
temperature. Data for the loss factor were then normalized
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as e"A"
m ,
and e' data were normalized as U' - £ ,/
UR - tv) . Plots of both normalized loss and dieleotrlc
oonstant versus normalized logarithms frequency, log
(f/fj, are presented in Figures 6.4 and 6.5. This
represents both horizontal and vertioal shifting of the
data, good superposition over the rather small temperature
range is observed. The loss half width can be defined as
the distance in decades frequency between the two branches
of curve 6.4 at ,/«•„ =0.5. A value of 2.21 decades for
PoCS is indicated. The 0.75 loss width is similarly
defined.
Data was also plotted according to equation 5.23 to
obtain the empirical Fuoss-Kirkwood parameter m. Figure 6.6
presents such plots for PoCS. The asymmetry of the
relaxation is evidenced by the two apparent linear regions
at each temperature, at low and high frequencies. Thus two
m values are obtained from the slopes of these lines at each
temperature
.
The data for PoCS were typical for the materials
studied, with regard to the shape of the dispersion. PS,
PpCS and copolymers P(pCS-oCS), P(pCS-S) and P(oCS-S)
yielded curves similar in appearance to those found in
Figures 6.1 through 6.6, thus analagous plots will not be
presented. PmCS was an exception, this will be discussed
further in the next section.
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Homopolymers
The necessary information for the calculation of the
d.pole moment via the Onsager equation (5.7) is found in
Table 6.1, for homopolymers PS, PpCS
, PoCS, and PmCS
, and
copolymers composed of the respective monomer units of these
polymers. The measured limiting dielectric constants and
the computed values of ^ and g are listed _ n^
the homopolymers. Model compound dipole moments Vq are gas
Phase literature values for the corresponding tolulnces, 6
with the exception of that for matachlorotoluene which was
calculated from group contribution methods outlined by
Smyth. 7 Densities for PpCS and PoCS were determined by use
of a calibrated density gradient column at room temperature.
A number of P(pCS-oCS) copolymers were also examined, their
densities fell linearly between the homopolymer densities
within limits of error. The PS p value is from Fried, 8 and
the PmCS value is from McCammon. 9 The densities employed
were those at room temperature, not at the temperature of
measurement. This represents introduction of a systematic
error, however the treatment of all materials in this manner
is self-consistent. The effective dipole moments per
monomer unit were calculated at 150°C. The g value of about
.3 is consistent with the results of Tkacik, 10 Makhailov, 11
12
and Birshtein considering their use of the solution value
o f P Q
= 1.9 D for parachlorotoluene
.
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Table 6.1 Homopolymers
- information for Calculations
monomer
sample molecular weight density
PS 104.2
pPcs 138.6
PoCS 138.6
PmCS 138. 6
U (D)
0
1-048 o.36
1.226 2.21
1-245 i.5 6
1.243 i.9i
Table 6.2 Homopolymers^^Dipole Moments and Related
sample
PS
PpCS
PoCS
PmCS
R
2. 73
4 .59
3.92
4.73
U
2.69
2.95
2.99
2.72
»> 2 >
0 .041
1 .39
0 .80
1.87
0 .32
0.28
0.33
0 .51
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For freely rotating polymer chains with the
tetrahedral carbon backbone valence angle, the g value is
theoretically calculated to be 0.92.13,14 Further
m g is due to correlations of dipoles in „a m the polymer chain
due to hindered rotation. The correl*^8 rrel ations are intrachain
xn nature, as evidenced oy the similar
, value calculat£d
fro. dilute solution measurements" with that found ^ ^
bulk PpCS here. Using the modern theories OX rotational
isomerism, theoret-i i ^-ioret cal dipole moments have been determined
for PpCS. ' 16
The unrelaxed dielectric constants obtained are,
within experimental error, in agreement with literature
values. For PS, ^ is given as approximately 2.5 17 as
compared to 2.69 here. For PpCS the values given by
Wetton18 of 3.05 and Curtis 19 of ? i ku 2.7 bracket the result of
2.95 here.
Table 6.3 contains data taken at each temperature of
measurement. Included are the maximum in loss e « at the
m
logarithmic frequency of that maximum log and the Fuoss-
Kirkwood (F-K) parameter m. Two values of m indicate data
was well fit by different straight lines at low and high
frequencies. Examination of these latter values reveals the
narrowing of the dispersion at higher temperatures as
indicated by a larger m, although normalized loss plots
indicate superposition of the data is valid. Figure 6.7 is
a plot of the two m values versus the temperature of
149
Table 6 .
3
Homopolymers
- Temperature Dependent Data
sample T (°r\ it
m log fm m
PS 129.0
138.9
X H c.
. v
0.0085
0 .0084
0.0086
2.85
3.80
4.14
0.53,0.37
0 .77 ,0 47
0.78,0.53
PpCS 158 .2
163.3
loo .o
176 .9
0.465
0 .468
0.469
0 . 475
2.34
2.89
3.38
4.06
0 .56 ,0 .45
0.75 0 48
0.75,0.49
0.78,0.54
PoCS 151.4
155.3
160 .2
165 .0
0 .236
0 .241
0 .247
0 .250
2.08
2 .60
2.95
3.38
0.61,0.41
0.72,0.42
0.86 ,0.45
PmCS 123.3
129.7
135.0
0.358
0 . 370
0 . 388
2.80
3.46
3.90
0.38,0.20
0.54,0.27
0 .65,0 .32
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Figure 6.7 . Fuoss-Kirkwood parameters versus temperature.
measures minus the calorimetric glass transition frQm
Table 3.1. Materials PS, PpCS and PoCS behave similarly,
PmCS has a much broader dispersion and does not fit this
curve. This is taken as evidencing little change in the
conformational properties of PS when the phenyl is
substituted with chlorine at thp n-r^ ane ortho and para positions.
Table 6.4 contains the normalized loss widths in
decades at eV e"B equal to 0 . 5 and 0 . 75 . The value AH/al is
a measure of the asymmetry of the dispersion curve. AH is
the distance in decades from log(f/f ra ) = 0 to the point eV
e"
m = 0.5 on the high frequency side of the normalized loss
curve, AL is the similar distance to the low frequency
branch. The sum AH + AL is thus just the .5 width of the
normalized loss curve. The Cole-Cole parameter a has been '
determined by fitting the low frequency data with a
semicircle; the center has been pinned to approximately the
e' values at E »
m . The Davidson-Cole parameter a is also
listed, as determined by the slope of the high frequency
data on the complex plane plot. Chapter V discusses these
empirical curve fitting procedures in greater detail. The
PpCS and PoCS values in Table 6.4 are similar, PS apparently
has a somewhat broader dispersion. This is believed to be
due to the low dipole moment and thus the greater effect of
intrinsic loss and factors such as temperature and thickness
fluctuations
.
Table 6.4 Homopolymers
- Dispersion Curve Shape Para.eters
sample 0.5 0 .75 AH/AL a a
PS 2.37 1.51 1.44 0 .39 0.26
PpCS 1.93 1.17 1.41 0.18 0.43
PoCS 2.21 1.37 1.51 0 .20 0.37
PmCS 3.68 2.29 1.61 0.43 0 .31
The values of AH/AL for PS, PpCS and PoCS span the
range of about 1.4 to 1.5, half widths span the range of 1.9
to 2.4. These values are similar to those obtained by
Williams et al. 27 for other amorphous polymers such as
poly (vinyl acetate), poly (ethyl acrylate) and poly (methyl
acrylate), among others. The indicated loss half widths and
asymmetry were found to be consistent with the dispersion
curves predicted by the Williams-Watts empirical decay
function (see Chapter V) with the adjustable parameter 6
approximately equal to 0 . 5
.
They compared the AH/AL values
predicted by the Davidson-Cole relation for a given half
width, in all cases this was larger substantially than the
experimental observation. Davidson-Cole and Cole-Cole
parameters were determined here only as a relative measure
Of the shapes of the loss curves, the Williams-Watts
approach apparently provides a better fit of the data.
PmCS exhibits a far broader relaxation than any of the
other three homopolymers
. That it is a much different
material than PpCS and PoCS is also reflected in a higher g
value, and a lower T
g
(35°C less than the para and ortho
materials)
.
Explanations for these observations are not
clear. It is possible that the dispersion curve reflects
partial resolution of the so called a and 0 relaxation
processes; the normalized loss curve for PmCS is given in
Figure 6.8. Amorphous polymers are believed to exhibit two
2 n _ p c
relaxation processes due to cooperative motion; a 0
154
process reflecting local motions, and an process
.
reflecting longer range microbrownian motions. At higher
temperatures and lower pressure *h«<,ssures t ey coalesce to form an a B
relaxation, which is qualitatively very similar to the 0
process alone. Both processes are however due to
cooperative motion. Specific properties of polymeric
glasses such as chain connectivity and the possibility of
side chain motions are not needed to explain the
relaxations; low molecular weight glass forming materials
also exhibit the 0 and 8 processes with identically shaped
dispersion curves. 26 The broad dispersion of PmCS may be
due to the lower Tg/ thus allowing the partial resolution of
the a6 process with the available range of frequency.
Further dielectric experiments under pressure might separate
the two mechanisms even more; it would be interesting if
this could be accomplished for PoCS and PpCS as well. The
reason PmCS has a lower T
g
is not understood, but the higher
g value (0.5 versus about 0.3 for PpCS and PoCS) indicates a
lesser degree of hinderance to rotation along main chain
bonds. This may be compatible with the notion of a higher
conformational entropy and thus a lower Tg
'
49 50Wetton
' has studied PmCS, and attributes the
appearance of a similar semi-resolved 6 relaxation to
cooperative rotation of the phenyl ring with the main chain.
This conclusion was reached because PpCS which has no
component of the CI dipole perpendicular to the ring axis
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displays no dielectrically active B nr.Y 6 process, while it doeshOWeV
5
e
:
eXhlbit 3
— P-cess. Purthermore
,
r
S aSSe"S i-i-t. the PS phenyl ringdoes rotate at the same rate as Wvkbac bone rearrangement,
although theoretical calmly l.t-a
-"-CUlatlons bv Finn; 4 t m 3fi
^ r ° ry anca Tonelli
approxi.ately perpendicular to the adjacent main chain
^onas. The data obtained here might suppQrt ^^^^^
that there is slow phenyl rnraf^. • «n i otation m PmCS ; if so for PoCS
the ortho chlorine inhibits such rotatiQn ^ ^ _
relaxation nearly identical to ^ Qf ^ ^
while PoCS does have , po lar component nQrmal ^ ^ ^
axi«. Further experimentation with'all three
polychlorostyrenes is cprt^ni,,e ainly warranted; lower frequency
and thus lower temperature dielectric mo =u i measurements would be
highly desireable.
Copolymers
The three series of random copolymers described in
Chapter II were treated in the manner just outlined for
homopolymers
.
The densities of copolymers were calculated
assuming volume additivity:
1 W
t
W
where W]
_
and w
2
are weight fractions of conomoners with
corresponding homopolymer densities P]
_
and The number
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of monomer units per cubic centimeter wa
N =_ Ap
s calculated from:
X
1
M
1
+ X
2
M
2 (6.2)
where A is the Avogadro number, and x's a™ „ ,*
r
a s re copolymer mole
fractions. Equation 5.7 was used to calculate
. The y
2
values of copolymers were determined as:
»o
2
=W +W (6 . 3)
'
where
^
and
^ are mole fractions of comonomers with
corresponding Uq model compound dipole moments ^ and ^All values needed were appropriately selected from Table
6.1. Tables 6.5, 6.6, and 5.7 present values of Er , , y
2
and g (from equation 5.8) for P(pCS-oCS), p
(
pCS-S) "and
P(oCS-S) type copolymers, respectively.
Plots of the dipole correlation factor g versus
copolymer composition are presented in Figures 6.9, 6.10 and
6-11. Figure 6.10 also presents the results of Mikhailov11
based on solution measurements for reference. The observed
trends in the g values are understood in terms of the
sequence distribution of random copolymers, this is
discussed further later in this chapter.
Data consisting of temperatures of measurement e"
' m'
log f
m
and the Fuoss-Kirkwood m values are listed in Tables
6.8, 6.9 and 6.10; and data consisting of normalized loss
widths, and the Cole-Cole and Cole-Davidson parameters are
listed in Tables 6.11, 6.12 and 6.13 for P(pCS-oCS),
P(pCS-S) and P(oCS-S) copolymers, respectively.
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Table 6.5
mole
fraction
PCS
0 . 08
0.27
0 . 36
0.64
3.99
4.73
4.72
5.12
U
2.88
2.93
2.82
2.94
0.98
1.51
1.65
1.80
0.37
0.49
0. 50
0.45
Table 6.6
mole
fraction
anfpelitS^^" 3 " Dip° le Momentsna Related Values at 150°c
Pcs e , 2 2R £ u u0 ( D )
°* 075 3.00 2 73 n o„0.160 2 95 or, 0,24 0-53
0.246 3 39 i'S 2- 44 0-51
°- 379 3.'7 2
2
-
8
6
^ 0.50
°' 462 3.80 2 71 I'll
°' 42
°' 511 3.86 2 71 ?'nJ S'
42
°- 6 52 3 86 ? H 4 °' 41
3« Mo1 i:S 8:55
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Table 6.7
^litS^iSS'.;^ Moments
mole
fraction
oCS
0 .151
0.274
0 . 406
0. 562
0.720
0 . 873
R
3
3
3
3
3
3
18
12
43
63
36
50
U
2
2
2
2
2
2
85
65
70
87
59
66
0.29
0.44
0.66
0 .66
0.76
0.82
0.66
0 .60
0.64
0.47
0.43
0.38
2 0.4 0.6 0.8 1.0
MOLE FRACTION pCS
-oCS) copolymers - g versus composition.
1.0
0.8
0.6
CD
0.4
0.2
0 Mikhailov (solutions)
• This Work
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1
0-2 0.4 0.6 0.8
MOLE FRACTION pCS
Figure 6.10 P(pCS-S) copolymers - g versus composition.
I0.8
Figure 6.11 P(oCS-S) copolymers - g versus composition.
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Table 6.8 P(PCS-OCS)
- Temperature Dependent Data
mole
fraction
pCS
0 .08
0 .27
0 . 36
0.64
T (°C)
m log £m
152.1
158.0
162 . 4
0.284
0.297
0.299
2.26
2.86
3.30
157. 3
164.1
168.7
175.8
0 . 504
0. 505
0.510
0 . 515
2.70
3.30
3.68
4.24
157.2
163 . 3
168.6
175.0
0.539
0 . 540
0 .550
0.564
2.76
3.32
3.73
4.24
156 . 2
163.0
168. 5
175.0
0 .636
0 .640
0.658
0 . 656
2.65
3.22
3.70
4.12
m
0.48,0.41
0.66,0.42
0.77,0.43
0.65,0.47
0.77,0.47
0.73,0.49
0.71,0.54
0.65,0.43
0.74,0.46
0.74,0.48
0.75,0.54
0.56,0.47
0.74,0.48
0.74,0.52
0.76,0.54
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Table 6.9 P(pCS-S)
- Temperature Dependent Data
mole
fraction
pCS
0 .075
0.160
0 .246
0 . 379
0.462
0.511
0. 652
0.670
0.679
0.759
T (°C)
m log fm
131.
135.
140.
0.072
0.073
0 .074
3.46
3. 80
4.30
132.
135.
142.
0.117
0.120
0.123
3.26
3.54
4.12
136.9
142.7
148.1
151.5
0 .187
0.186
0.190
0 .187
2 70
3.14
3.70
4.14
140.1
144.9
150.7
-L J H . 3
0 . 256
0 .256
0 . 260
0.268
2.42
2.90
3.52
3.96
138 .6
145.1
150.1
0.305
0.305
0 .305
2.60
3.16
3.64
144.0
149 .0
154.1
158 . 2
0 . 310
0.315
0.323
0.318
2.50
3.04
3.54
3.94
149 .
155.
167.9
0.348
0.335
0 .348
2.74
3.36
4.30
148.1
154.7
161.0
0.338
0.345
0.358
2.38
3.10
3.78
147.0
151.3
156 .9
162.9
0 . 328
0.330
0.333
0. 34
2.47
2.94
3.44
4.15
150.1
157.8
163.8
0 .343
0.345
0
. 358
2.45
3.22
3.60
m
0.66,0.51
0.67,0.54
0.71,0.64
0.69,0.46
0.72,0.50
0.73,0.53
0.60,0.43
0.69,0.46
0.68,0.48
0.73,0.52
0.53,0.43
0.61,0 .45
0.73,0.51
0.74,0.52
0.62,0.43
0.70,0.47
0 .70 ,0 .49
0.50,0.45
0.65,0.46
0.72,0 .49
0 .69 ,0 . 52
0.68,0.43
0.75,0.49
0 .76,0 .50
0.56,0.37
0.78,0 .42
0.73,0.43
0.54,0.43
0.66,0.45
0.74,0.46
0 .75,0 .49
0.61,0.43
0 .76,0 .50
0.73,0 .50
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Table 6.10 P(oCS S)
- Temperature Dependent Data
mole
fraction
OCS T (°C) e"
m log fm m
0.151 130.
134 .
138.
144.
0.088
0.087
0.088
0.090
2.80
3.18
3.70
4 . 22
0.60,0.42
0.71,0.43
0.74,0.43
0.274 132.
138.
143.
0.119
0 .121
0 . 124
2 .76
3.30
3.76
0.56,0.43
0.74,0.46
0.77,0.50
U
. 4Ub 136 .
141.
148 .
0 . 172
0. 170
0.176
2.70
3.16
3.85
0.59,0.43
0.69,0.45
0.73,0.47
0 . 562 140 .7
146.5
149.7
154.9
0 . 208
0 . 208
0.210
0 .210
2 70mm • 1 W
3.26
3.60
4.00
U
. oo , 0 . 42
0.67,0.43
0.74,0.46
0.76,0.48
0 .720 138.9
147.0
152.0
157.1
0 .170
0 .190
0 . 198
0 .195
2.00
2. 70
3.20
3.66
0.60,0.41
0.60,0.43
0.74,0.48
0 .873 146.
151.
157.
163.
0.205
0.214
0.218
0 .224
2.45
2.90
3.44
3.94
0 .51,0 .40
0 .61,0 .41
0 .76,0 .47
0.87,0.49
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Table 6.11 P,pcs-oCS)
- Dispersion Curve Shape Parameters
mole width (decades)
fraction
PCS 0.5 0.75 AH/AL a
i.ai i:m S:" :
Table 6.12 P(pCS-S)
- Dispersion Curve Shape Parameters
mole
fraction
pCS
width (decades)
0.075
0.160
0 . 246
0.379
0 . 462
0 .511
0.652
0 .670
0.679
0.759
0.5
2.04
2.08
1.94
2.03
2.03
2.02
1.99
1.97
2.07
2.03
0 .75
1
1
1
1
1
1
1
1
1
1
29
28
12
18
22
23
21
16
22
19
AH/ AL
1.22
1
1
1
1
1
29
37
39
31
32
1.29
1. 53
1.44
1.51
a
0.29
0.29
0 . 29
0 .25
0.22
0.25
0 . 20
0.25
0.22
0.22
0.40
0 . 38
0.37
0.38
0 .37
0.39
0 .39
0.39
0 .37
0 .38
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Table 6.13 P(oCS-S)
- Dispersion Curve Shape Parameters
mole
fraction
oCS
width (decades)
0.5 0 .75 AH/AL a
0.151
0.274
0.406
0 .562
0 .720
0.873
2 .14
2.10
2.08
2 .13
2 .13
2.08
1
1
1
1
1
1
38
28
33
33
38
37
40
47
41
36
37
31
0.27
0.28
0.29
0.28
0.28
0.30
0.34
0.37
0.34
0.37
0.36
0.36
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Examination of the parameters in Tables 6.11 to 6 13
indicates the similarity in shape of the relaxation spectra
of the three copolymer systems. Further comparison with the
homopolymer values in Table 6.4 adds further evidence for
the similarity among PS, PpCS and PoCS
. The similitude in
relaxational behavior is believed to point to only small
differences in the conformational characteristics among PS,
PpCS and PoCS chains. Furthermore, the free radical
copolymers are thus evidenced to indeed be random in nature.
As an example, P(oCS-S) normalized loss widths are plotted
versus copolymer composition in Figure 6.12. The breadth of
the loss curves remains essentially constant, this is
observed for the other two copolymer systems as well. Cole-
Cole and Davidson-Cole parameters in Tables 6.11 to 6.13
also reflect the invariance in the shape of the curves. In
a study of similar P(oCS-S) copolymers, this constancy in
shape was taken as evidence by Leffingwell and Bueche 28 that
the broadening of the curves over that predicted by the
Debye single relaxation time model is related to the
structure to the polystyrene type chain, and not to dipole-
dipole interactions or steric hinderance due to the chlorine
atom. In addition, their measurements covered a wider
frequency range than that employed here, extrapolation
yielded an equivalent frequency at maximum loss of 10~ 4 Hz
at T
.
Their glass transition values obtained by
dilatometry are however considerably lower than those
169
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Figure 6.12 P(oCS-S) copolymers - normalized loss widths.
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determined by DSC in this study, and they unfortunately did
not consider the magnitude of the relaxation, so comparison
with the g values obtained here cannot be made.
Figure 6.13 shows representative Arrhenius plots for
P(PCS-S) copolymers. The activation energy as described by
the slope of the lines remains approximately constant. This
is also observed for P(oCS-S) and P(pCS-oCS) copolymers, yet
additional evidence that the substitution with chlorine in
the ortho or para position of the phenyl ring represents
only a minor perturbation of the parent polystyrene. The
PmCS value is however similar. The frequency range employed
is too small to detect a temperature dependent activation
energy, as evidenced by curvature in the plots. This
curvature is however expected for such materials, as
described by the Williams-Landel-Ferry equation. 29-31 Both
dielectric constant and loss data were "horizontally
shifted" for a number of samples in an attempt to generate
"WLF" constants for the materials. Superposition was good,
however, the data were obtained over too small a range of
frequency and temperature to allow precise calculation of
the constants with the methods outlined by Ferry. 29
Activation energies can be calculated by assuming an
exponential (Arrhenius type) dependence of the average
relaxation time on inverse temperature:
T = A exp (E /RT) . (6.4)
where R is the ideal gas constant, A is a numerical
4.0
3.6
3.2
2.8
2.4
2.0
075pCS-S)
246pCS-S)
379pCS-S)
51 1 pCS-S)
759pCS-S)
2.2 2.3 2.4 2.5
l/T (K H x I0 3 )
2.6
Figure 6.13 P(pCS-S) Copolymers - Arrhenius Plots
constant, E is the ac*-i rra-j-i
«
n t v t on energy and T = ^f. Thus the
slope of a plot such as Figure 6.13 is related to the
activation energy:
-E = 2.303 R | *°9 fa d (1/T) (6.5)
Sample values obtained by such analysis are E
a
= 79 kcal/
mole for PpCS
,
84 Kcal/mole for PoCS and 72 kcal/mole for
PS. These are typical values for the a relaxation of
amorphous polymers. 1
Copolymer Sequence Distribution an* nipole Moment
The plots of the dipole correlation factor g as a
function of copolymer composition in Figures 6.9 to 6.11 all
display a maximum; the g values for PS, PpCS and PoCS are
all approximately the same and lower than those of any of
the copolymers studied. The increase in g for P(pCS-S) and
P(oCS-S) copolymers as a function of increasing non-polar
styrene comonomer content might be explained on the basis of
equation 5.10, g * 1 + z cos a . As the polar chlorostyrene
units become farther apart with increasing styrene content,
the number of equivalent nearest neighbors z decreases, thus
g increases. However, this will not suffice to explain the
behavior of P(pCS-oCS) copolymers; this situation indicates
that placement of oCS units among pCS units in the polymer
chain leads to loss of (cancelling) correlations among
dipoles
.
These effects are intrsrhsin i ~mtrac am in nature, experimental
evidence for this is found in Figure 6.10 for P(pCS-S)
copolymers. The g factors as determined by measurements in
dilute solution by Mikhailov et al. 11 parallel those
obtained from the bulk measurements made here, in dilute
solution any interchain effects should be negligible. The
Mikhailov data "tails up" at high styrene content probably
because of their use of the value of e"
m
to determine g; at
decreasing overall dipole moment any intrinsic loss will be
an increasingly large fraction of e"
.
To attempt to semi-quantitatively understand the
angular correlations between comonomer units, the sequence
distribution of the copolymers has been calculated. In the
form given by Goldfinger and Kane, 32 the instantaneous
copolymerization equation is written:
r
x
N + 1
n =
r
2
/N + I (6.6)
n = x
a^
xb ~ c°P°lymer monomer ratio
N = xa/xb ~ fee ^ monomer ratio
r^ and r
2
- reactivity ratios
This is assumed to be valid here due to the relatively low
conversions obtained, and the nearly ideal copolymerization.
The definition of the reactivity ratios leads to the
following relation for the conditional probability P
ab /
4 °
that is, the probability that the given unit, "a," is
followed by unit "b .
"
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P
ab
= VU.N +1) = 1 - PJD 1 aa (6.7)
Combination of equations 6 . 6 and 6
. 7 leads to the following
relation for P
aa/ in terms of the known copolymer
composition, n, and the reactivity ratio product R - r r
.
(n(l - R)) p^ 2 + (1 + n(2R . L)) _ nR = Q
2
(6
Once P
aa
has been obtained for a given copolymer, the other
conditional probabilities can be obtained with the knowledge
of the copolymer compositions in terms of mole fractions x
a
and x, :
P
ab
= 1 - P
aa
Pba
" 1 " Pbb (6.9)
X P
,
a ab Vba
Run probabilities can also be determined, here P is the
m
probability of finding a given "a" sequence of length m:
m "
P
aa
P
ab (6.10)
Dv„H f"Pfinnc P and p „ p can nQW b& calculatedaa
F
aa
x
a
P
aa
F
ab
= x
a
P
ab
Fbb
= xb Pbb
Fba
= xb Pba
F +
aa
Fbb
(6.11)
ab
Dyad fractions were calculated for every copolymer studied
dielectrically by using equations 6.8, 6.9 and 6.11, with
the reactivity ratios listed in Table 2.6. The dipole
moments of the copolymers were correlated with the thus
determined dyad fractions by assigning an equivalent g
factor to the mixed dyad. This is very much the same type
of empirical approach described in Chapter Hi that authors
have used to describe copolymer T
g
versus composition. The
expression used was:
ye • 9a Faa ^ + % Fbb %
+ y 2F , ( p 2 /2 + u 2 /?)ab K »a " yb /2) (6.12)
Here Uq is the experimental copolymer dipole moment for a
given sample, the F's are the calculated dyad fractions, ga
and gb are the appropriate homopolymer values from Table 6.2
and Ma and % are the corresponding model compound dipole
moments from Table 6.1. The y values represent simply an
empirical correlation coefficient, but may be thought of as
a g value for the mixed dyad. Table 6.14 lists the results,
and the standard deviation of the y values (based on four
P(pCS-oCS), nine P(pCS-S) and six P(oCS-S) copolymers). The
dipole moments for the copolymers as a function of
composition are plotted in Figure 6.14. These values are
extracted from Tables 6 . 2 , 6 . 5 , 6 . 6 and 6 . 7 . The straight
line between the homopolymers represents y = (g + g,_) - 2
a ^b
Table 6.14 Correlation of Copolymer Dipole Moments
with Dyad Fractions
copolymer system y standard deviation
P (pCS-oCS)
P (pCS-S)
P (oCS-S)
0.620
0.519
0.691
0.032
0 .051
0.068
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Figure 6.14 Dipole moments of copolymers.
The scheme might be expanded to triads and further,
however the experimental error involved does not warrant
suoh treatment. The "dyad contributions" to the dipole
moment encompass an average of all the triad contributions,
tetrad contributions, and so on.
In order to now visualize why the "g factor" for a
mixed dyad suoh as pCS-S is higher than a pCS-pCS dyad, for
example, knowledge of the conformation of the chains must be
considered. Flory 33 has tabulated "preferred" conformations
for vinyl type chains, and has considered polystyrene in
particular. For meso stereochemical dyads, t,g (trans,
gauche(+)) is the preferred conformation, for racemic
stereochemistry t,t ( trans , trans) is preferred. The meaning
of these terms is discussed in the Flory text, 33 the absence
of the g state (or gauche (-)) is further explained. 35 For
either stereochemistry (the tacticity of the copolymers is
unknown anyway)
,
the preferred conformation leads to the
axes of the polystyrene type phenyl rings of a dyad being at
a 120° angle with each other; this is illustrated in Figure
6. 15. a for the racemic dyad. Figure 6.15.b shows the
situation for a pCS-pCS dyad, 6.15.C represents a pCS-S
dyad; the dipole moments are those expected on a group
7
contribution basis. Two such moments in a plane add
according to:
2 2 2
y
= m
i
+ m2 + ^-mi
m2 cos 9 (6.13)
where m^ and are the magnitudes of vectors 1 and 2
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Figure 6.15 Considerations of copolymer geometry
.
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separated by angle 0. For the pCS-pCS dyad, these moments
add to u = 2.2 D, a fractional cancellation of 0.5 m 1 -
2.2/(2.2 + 2.2). The g factor of PpCS of about 0.3
indicates a fractional cancellation of 0.7 = 1 - 0.3, but
the correlation between intrachain dipoles certainly extends
to beyond dyads. For the pCS-S case the vectors add by
equation 6.13 to u = 2.04, a fractional cancellation of now
only 0 .2 = 1 - 2 .04/(2. 2 + . 36) . Thus it is understood why
g for the P(pCS-S) copolymers and the pCS-S mixed dyad is
higher. The pCS-oCS case is more complicated. Since the
phenyl ring is restricted to be approximately perpendicular
to the adjoining main chain bonds, and free rotation of
the ring probably does not occur, 34 ' 36 the chlorine group
will reside in two possible positions. However, the
chlorine dipole in the ortho position is pointed mainly
opposite to that in the para position. Figure 6.15.d
schematically illustrates the situation for the pCS-oCS
dyad. Clearly, the fractional cancellation in 6.15.d is
less than that in 6.15.b for the non-mixed dyad, thus the g
factor is higher for P(pCS-oCS) copolymers.
This treatment has been intended to only qualitatively
describe the observed behavior of g versus copolymer
composition, angular correlations are however quantitatively
implied by the relation of the dipole to the sequence
distribution. The "exact" solution requires use of the
complex mathematics of the rotational isomeric theory; the
180
copolymer situation with unknown stereochemistry is indeed
difficult. The possibility of testing the ideas expressed
in the last section however exists, since quite different
reactivity ratios result for the cationic copolymerization
of styrene with the chlorostyrenes
.
48
Treatments of copolymer dipole moments by
consideration of the implied random copolymerization
sequence distribution abound in the literature. As early as
1956 Work and Trehu considered the P(pCS-S) case. 37 Work et
al. have since pursued the analysis to rather intricate
treatments. 38
" 41
shima et al. 42
" 44 have considered a number
of copolymer systems; Birshtein 12 has also considered the
5 2P(pCS-S) case. Mark has employed the rotational isomeric
scheme with good results to P(pCS-S) copolymers. Discussion
of the nuances of each of these approaches exceeds the
purposes of this work.
Temperature Plane Measurements
Temperature scans at constant frequency were made for
a number of the materials. Starting at room temperature,
heating was performed at approximately 1.5°C per minute,
measurements were made at 1 kHz. A sample result for PoCS
is presented in Figure 6.16, in the form e" versus 1/T. The
loss constant remains approximately constant, rising just
slightly, up to the a dispersion region. Measurements were
terminated as the conductivity losses at high temperature
181
to
rO
ro
ro
O
CO
CM —
I
i—
c
(T3
U
03
CD
U
3
4J
A3
U
CU
s
0)
c
CM CU
CP
q
CNJ
182
became large. The dielectric increment,
£r
-
^ may be
determined by integration of such a «« versus 1/T plot: 45
£
R " e n
=
-TT ) «" d(l/T)
2 E
a
U 1FST ; * ?vx t; (6.14)
where E
a
is the activation energy assumed to be independent
of temperature, and R is the gas constant. The area under
the PoCS curve was integrated, and a value of E
a
= 8 4.4
kcal/mole was used. The result was Ac = 0.96, in remarkable
agreement with the value of 0.9 3 obtained from the frequency
plane measurements
.
Loss half widths in degrees were determined from plots
of tan <5 versus temperature, Table 6.15 lists the results.
All the polychlorostyrenes considered were similar, again
with the exception of PmCS
. No evidence was found for a
resolved 8 relaxation around 80°C for the P(oCS-S)
copolymer, as reported by Leffingwell and Bueche. 28
Table 6.15 Loss Half Widths from Temperature
Plane Measurements
sample half width (°C)
PoCS 26
PpCS 2 3
PmCS 46
P( .43pCS-oCS) 22
P(.562oCS-S) 23
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Thermally StimulatP^^rv^
Details of this work were described previously. 46 The
experimental technique was discussed in Chapter V. The
results for PS, PpCS and copolymer P(.50pCS-S) will be
considered here.
A typical thermally stimulated depolarization (TSD)
current versus temperature spectrum for PS is given in
Figure 6.17. Three features are apparent, two peaks with
maxima at 103 and 148°C, and an increasing current of
opposite polarity at higher temperatures. The first peak is
attributed to randomization of oriented dipoles at Tg'
quantitative information obtained from this peak should
agree with the results obtained from dynamic measurements.
The second current peak is attributed to the drift of space
charge. Cycling of the same sample (to high temperatures)
results in a dramatic increase in the size of this peak,
while the T
g
maximum is unaffected. Poling slightly below
T results in no high temperature peak, and a diminished Ty g
peak. Thus, the diffusion of ionic impurities (increased in
concentration due to degradation products in the cycling
experiments) is believed to be the mechanism of polarization
for this feature. The third observation is the steadily
increasing current, at high temperatures; van Turnhout47
attributes such "parasite" currents to the increasing Ohmic
conductivity of polymers at high temperatures, coupled with
gure 6.17 TSD spectrum of p
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some sort of potential difference. This might be either
electrochemical in nature, or a metal-metal contact
potential
.
The integrated area of the T
g
peaks, or released
charge, for poling at 25 kV/cm is listed in Table 6.16. To
check for consistency with the results of the dynamic
experiments, the PpCS value for polarization in Table 6.16
was converted to relaxation strength, Ae = e
M.K.S. units the electric displacement D is given by
R £y. In
and
D = e E + P
o
e = D/E
(6.15)
(6.16)
Thus AD = AP, and Ae = AD/E. For a poling field of E = 2.5
x 10 V/m and a polarization value of AP = 6.2 x 10~ 5 C/m2
,
a result of Ae = 2.8 is indicated. This is to be compared
with e R - e u = 1.64 from Table 6.2. This discrepancy is
probably due to error in the field due to error in the
sample thickness, and the lack of a guard ring. Thus,
precise g factors may not be determined from the TSD data
obtained.
Table 6.16 TSD Charge Released
sample charge (C/m )
PS
P( .50pCS-S)
PpCS
1.3 x 10
2.8 x 10
6.2 x 10
-6
-5
-5
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CHAPTER VII
DIELECTRIC PROPERTIES OF POLYMER BLENDS
Compatible mixtures of P ( . 27pCS-oCS) with ppo and
P(.462 PCS-S) with PPO have been studied as a function of
blend composition, in the frequency plane. Broadened loss
curves result, the g factor is apparency not affected by
mixing. Blends with high PPO content display large pseudo-
conductivity effects which tend to obscure the desired
features. P ( . 62PCS-oCS) and a ppo blend were examined at
higher temperatures to further elucidate such conductivity
losses
.
Blends of PS with PoCS have been studied, broadened
loss curves result for high molecular weight mixtures. Very
compatible blends with low molecular weight PS lead to
narrow loss curves, the breadth of the dispersion is taken
to be a measure of the degree of molecular mixing. For this
system, the lower critical solution temperature occurs in an
accessible temperature range, the dielectric technique is
thus used to follow phase separation.
Incompatible blends of PpCS with both PPO and PS were
treated for comparison.
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Pure PPO
As a prelude to the examination of blends, the
dielectric properties of pure PPO were studied. Poly(2,6-
dimethyl-l,4-phenylene oxide) is an electrically dirty
material, as evidenced by large conductivity losses at low
frequencies and high temperatures. This is apparently due
to the large quantity of polar initiating species used in
the polymerization reaction; Reed 1 has shown that there is
an unremovable nitrogen content in PPO, indicating that
amines used in initiation have become bonded to the polymer
chain. He goes into detailed analysis of the dielectric
losses of PPO. Here, the large conductivity losses made
detection of the maximum in loss curves difficult, however
one experiment yielded a value at 242
. 5°C of e" = 0.015 atm
log f
m =
3.7. Extrapolation to limiting dielectric
constants was also difficult, but an estimation was made at
242.5°. This data and the dipole moment thus calculated
from the Onsager relation is included in Table 7.1. A
temperature of 180° was selected for calculation of p 2
, for
comparison with the values from blends that were determined
at 180°. The large separation in the PPO and
polychlorostyrene T ' s necessitates the choice of an
y
intermediate temperature, seemingly inappropriate for some
of these materials. The value of yQ for PPO is .36 D, which
is obtained from the projection of the methyl group moments
193
onto the chain axis, the dipole moments of the ether oxygens
cancel. Table 7.1 lists parameters obtained such as the
Cole-Cole a, Davidson-Cole y, and Fuoss-Kirkwood
. for PPO;
normalized loss widths were unobtainable due to the
conductivity losses at the lower frequencies. The room
termperature density value in Table 7.1 is from Fried 3
Table 7.1 PPO Information and Dielectric Properties
quantity
repeat unit
mol. weight
density
U
e
2 (180°C)
a
Y
m
value
120
1.066
0 .36D
2.14
2.05
0.135
1.
0.41
0 . 28
0.33
The calculated dipole moment of PPO indicates a g
value of approximately 1, consistent with the results of
2Karasz et al. This implies that there is little hinderance
to rotation about the oxygen ether bonds in the main chain.
Conformational energy calculations by Tonelli 6,7 and
ed
was
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Laupretre 8 corroborate the concept of free rotation in ppo.
Dilute solution measurers of viscosity and size by l ight
scatterinq by Akers Pt- ai ^y K e al. further evidence these findings
in that the conformational ratio, a, of the unperturb
dimensions to the Gaussian free rotation prediction
found to be 1.0 to 1.2. This is to be compared ^ g
of about 2.2 for PS and Ppcs. 2 * A tightly coiled chain is
implied, and a small temperature dependence of chain
dimensions also indicates low energy barriers to rotation.
However, Shultz 10 contends fhaf o^i,4--t t solution viscosity and light
scattering data can be explained by the postulation of
symmetric potential energy minima.
Large discrepancies in the reported dielectric
constant of PPO exist in the literature. The value obtained
here is 2.05; which correlates well with the observations of
2Karasz et al. of approximately 2.0, and the low e' of 40%
PPO blends with P(pCS-S) copolymers of 2.18 to 2.27 reported
by Wetton et al. 4 However, Reed 1 finds an unrelaxed
dielectric constant of about 2.6, which agrees with the
value of Matonis 5 of 2.58. The value of 2.05 from this work
is self-consistent, as evidenced by the continuous variation
in e
y
with blend composition (see Figure 7.5).
Blends With PPO
Dyanamic Experiments . Blends of 0.2, 0.4, 0.6, and 0.8
weight fraction of two compatible copolymers with PPO were
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examined. A copolymer of parachlorostyrene and
orthochlorostyrene was considered, P < . 27pCS-oCS)
, that forms
blends with PPO for which middle compositions phase separate
around 260°C (see Figure 3.9). Blends of PP0 with a
parachlorostyrene
- styrene copolymer, P ( . 462pCS-S)
, were
also studied. This copolymer is such that PPO blends are
stable up to degradation temperatures (see Figure 3.11).
Blend densities were calculated as was done for
copolymers by assuming volume additivity, Equation 6
. 1 was
employed. The densif ication discussed in Chapter III due to
the depression of the blend T
g
is only at temperatures in
the glassy state, however any unknown volume change on
mixing at these temperatures in the melt is unaccounted for.
Equation 6.2 was used to calculate N, the known blend weight
fractions were converted to the necessary mole fractions of
monomer units present. Again, room temperature values were
employed
.
Dipole correlation factors of the copolymers in the
blends were calculated by assuming the g of PPO to be 1.,
via equation 7.1.
2 2
e
= g l
X
l
M
l
+ 92 X 2 U 2 (7.1)u
2
e
- experimental value for blend
g l' g 2
" coPolymer ' pp0 9 values
X. i x 2
- copolymer, PPO mole fractions
M
l'
u 2 " coP°lymer / Pp0 m q values
The copolymer u values ( u , in eouatinn i n0 1 x q o 7.1) were calculated
from equation 6.3. Values are u i cr OC- ^ -vdx
^ - 1.525 D for P(.462pCS-S)
and ^ = 1.759 D for P ( . 27pCS-oCS)
.
Results of the experiments are tabulated in an
analagous manner to results for copolymers in Chapter VI.
Tables 7.2 and 7.3 contain dipole moments, copolymer g±
factors and limiting dielectric constants for P ( . 27pCS-oCS )
/
PPO and P(.462 PCS-S)/PPO blends, respectively. All
calculations were performed at 180°C. Similarly, Tables 7.4
and 7.5 contain information obtained at each temperature of
measurement, and Tables 7.6 and 7.7 contain shape parameters
from the dispersion curves. Data taken at temperatures too
high or too low to observe a peak in the relaxation spectra
are not included in Tables 7.4 and 7.5, as was the case for
the copolymers in the last chapter. Dipole moments and g
factors for the pure copolymers were calculated at 180°C,
and are included in Tables 7.2 and 7.3.
The compatibility of PPO with these copolymers is
evidenced by the observation of a monotonic change in the
temperature of maximum loss at a given frequency as a
function of blend composition. Figure 7.1 presents
Arrhenius plots for P ( . 462pCS-S) /PPO blends. By selection
of the frequency such that log f = 3.5, and reading
corresponding 1/T values from Figure 7.1, the "log f = 3.5"
transition temperatures can be plotted as a function of
197
Table 7.2
SM
2222fY?° B1SndS 5 Di?°le Momentsana Related Values at 180 C
weight
fraction
PPO
0.
0.2
0.4
0.6
0.8
1.0
*0
.4
*molded above the LCST
£
R
4.73 2.93
3.63 2.54
3.65 2.70
2.91 2.39
2. 30 2.04
2.14 2.05
3.27 2.56
U
e
(D )
1.61
1.19
0.98
0.64
0.39
0.135
0 .79
0 .52
0.48
0.53
0.49
0 .51
0.42
Table 7.3 P(.462pCS-S)/PPO Blends - Dipole Moments
and Related Values at 180 C
weight
fraction
pCS
0
0
0
0
0
1
2
4
6
8
0
3
3
3
2
2
2
80
47
12
87
57
14
U
2
2
2
2
71
63
50
43
2.27
2.05
»
e
(D )
1.05
0.86
0 .69
0.52
0.39
0 .135
0.45
0.45
46
47
61
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Table 7.4 P(.27PCS-oCS)/ppo
- Temperature Dependent Data
weight
fraction
PPO
0.2
0.4
0 . 6
0 . 8
0.4
(°C)
159 .4
164 .6
171.4
176
. 8
167.6
173.0
178.6
183. 2
187. 5
180 .5
187.8
195.3
201. 5
210.7
163. 2
169.2
176.9
182.0
m
0.229
0
. 240
0 .249
0 .255
0 .146
0 .158
0 .171
0.183
0 .194
078
085
0 .094
0 .045
0 .049
0.131
0 .138
0 .141
0 .151
log f
m
2.24
2.72
3. 32
3.76
1.90
2. 56
3.00
38
76
70
34
90
3.00
3.78
16
74
36
82
m
0.39
0.41
0.48,0.40
0.51,0.41
0.34
0 .35
0 .35
0 .36
0 .37
0 .30
0 .30
0.32
0.31
0 .34
0.35
0 .37
0.38
0.40
*molded above the LCST
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Table 7.5 P < . 46 2pCS-S) /PPO - Temperature Dependent Data
weight
fraction
PPO t (°C) l0g f
m
0.2 150.0
156 .0
164.0
170 .7
0.162
0 .171
0 .179
0 .184
1.90
2.64
3.40
4.06
0.36
0 .38
0 .40
0.43
0.4 165
. 8
172.5
179 .9
0 .110
0 .114
0 .119
2.38
3.10
3.72
0 .32
0 . 34
0 .36
0.6 185.6
192.0
198. 3
0 .069
0.075
0.082
2.68
3.38
4.00
0 .27
0 .30
0 .34
0.8 207.7 0 .048 3.34 0 .26
200
Table 7.6 P(.27pCS-oCS)/P PO - Dispersion CurveShape Parameters
weight
fraction
PPO
0.
0.2
0.4
0 . 6
0 . 8
1.0
*0.4
width (decades)
0.5 0.75
*molded above the LCST
AH/AL a
2. 21
2.58
3.37
3.48
1.37
1.58
1.91
2.34
1.28
1.28
0.93
1.14
0.25
0.38
0.52
0.62
0 .43
0.38
0.28
0.24
0 .56 0 .20
3.01 1.83 1.15
0.41
0 .52
0.28
0.28
Table 7.7 P ( . 462pCS-S) /PPO - Dispersion Curve
Shape Parameters
weight width (decades)
fraction
PPO 0.5 0.75 AH/AL
0.8
a
°- 2
-03 1-22 1.31 0.22 0.37
0.2 2.78 1.68 1.17 0.40 0.31
°- 4
— 1-93 — 0 .46 0 .26
0.6 -- 2.04 — 0.51 0.22
0.52 0.20
!-0 — — ~ 0.41 0.28
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4.4
4.0
3.6
3.2
E
CP
_
o 2.8
2.4
2.0
• P(.462pCS-S)
O 80/20P(.462pCS-S)/PP0
60/40 P(.462pCS-S)/PP0
40/60 P(.462 pCS-S)/PP0
a 20/80 P(.462pCS-S)/PP0
A PPO
1.9 2.0 2.1 2.2 2.3
• l/T (K" 1 x I0 3 )
2.4 2.5
Figure 7.1 Arrhenius plots for P(.462 pCS-S)/PP0 blends.
202
blend composition. This is illustrated in Figure 7.2. The
curve is qualitatively similar to the behavior of the
oalorimetrio T
g
for compatible blends, as in Figure 3.6 for
example. This frequency was chosen because data for the
high PPO content materials were not obtained throughout the
entire frequency range due to conductivity losses; at log f
= 3.5 in Figure 7.1, extrapolation to the desired 1/T is the
easiest. The P ( . 27pCS-oCS) /PPO blends display similar
behavior when Arrhenius plots are prepared from the data in
Table 7.4.
Calorimetric glass transitions for compatible blends
with PPO were broadened compared to those for the pure
materials; the dielectric relaxation curves exhibit the same
behavior. Figure 7.3 illustrates the 0.75 loss width and
the Cole-Cole parameter a for P ( . 462pCS-S) /PPO blends. A
dramatic increase in width is observed, the parameter Y
mimics the behavior closely. The Davidson-Cole parameter y
for these blends is shown in Figure 7.4. Conductivity
losses obscure measurements of widths for the high PPO
content mixtures. The increases in width for the blends of
PPO with both P(.462pCS-S) and P ( . 27pCS-oCS) are similar in
magnitude. Tkacik 11 and Wetton et al. 4 observed broadened
dielectric loss curves for P(pCS-S)/PPO blends, MacKnight et
12
al. found similar behavior with PS/PPO blends. The
increased widths of the relaxations of mixtures has been
4
attributed to a concentration fluctuation on a local scale,
203
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Figure 7 . 2 Constant frequency transition temperatures for
P(.462 pCS-S)/PP0 blends.
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Figure 7.3 P(.462 pCS-S)/PPO blends - loss
widths and Cole-Cole parameter versus composi-
tion.
205
Figure 7.4 P ( . 462pCS-S) /PPO blends -
Davidson-Cole parameter versus composition
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even though the materials are macroscopically homogeneous.
Nielsen 13 reported broadened dynamic-mechanical spectra for
copolymers with a wide compositional distribution, the
effect increases with increases chemical heterogeneity.
Nielsen 14 also found the widths of mechanical damping peaks
for plasticized PVC to be inversely proportional to
plasticizer compatibility. Thus the observed curves are
believed to evidence incomplete mixing at some microscopic
level
.
Figure 7.5 presents the unrelaxed dielectric constant
for P(.462pCS-S)/PPO blends. A monotonic relation as a
function of composition is observed; data for P ( . 27pCS-oCS) /
PPO blends are somewhat more scattered, but still follow the
same trend (see Table 7.2).
Unlike the pure polychlorostyrenes discussed in
Chapter VI, the Fouss-Kirkwood plots (see Figure 6.6) were
better fit by a single straight line for these blends,
instead of one each at high and low frequencies. For all
the runs presented in Tables 7.4 and 7.5 only two were best
fit by two straight lines. The resulting parameter m is
lower for the blends than for the pure materials,
corresponding to the increase in width of the dispersion.
The single straight line implies a more symmetric curve for
blends than for the non-blended materials. This is also
corroborated by the AH/AL values in Table 7.6 and 7.7 being
closer to 1.0. The m parameter is not as temperature
207
0.2 0.4 0.6 0.8 1.0
WEIGHT FRACTION PPO
Figure 7.5 P ( . 462pCS-S) /PPO blends -
Unrelaxed dielectric constant versus composi
tion
.
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sensitive for blends as for the pure materials, however this
apparent constancy in shape does not take into account
another factor. Examination of the e"
m
values in Tables 7.4
and 7.5 indicates a large increase in the maximum loss with
temperature, such data cannot thus be horizontally shifted
as was observed to be valid for the pure copolymers.
General time-temperature superposition is apparently not
valid for these blends. The implications of these aspects
of the fine structure of the a relaxation are not understood
in terms of behavior on the molecular level. However, that
the pure materials differ significantly from the blends is
clear
.
The dipole correlation coefficient g for the
copolymer in both series of blends remains approximately
constant as a function of composition, at the value of that
of the pure copolymer. Values are plotted in Figure 7.6.
This is in contradiction to the results of Tkacik 11 who
found the g factor to increase with PPO content in blends
with P(pCS-S) copolymers. It is believed the results of
Tkacik were influenced by pseudo-conductivity losses with a
capacitive component, leading to a larger assessment of e -R
e
y
than was really there. His relaxation strength values
were estimated from horizontal shifting of e 1 data, use of
complex plane plots here allows more accurate extrapolation.
A rise in the g factor with increased concentration of non-
polar component is intuitively pleasing, the stronger
209
0.8
O P(.27pCS-oCS)/PPO
• P(.462 pCS-S)/ PPO
0.6
6-
0.4
a
o
JL
0.2
0 0.2 0.4 0.6 0.8 1.0
WEIGHT FRACTION PPO
Figure 7.6 Dipole correlation factor for the copolymer in
PPO blends.
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dipoles should be farther spaced and correlation should
decrease. However, as discussed in Chapter VI, the decrease
in g for a pure material from the non-correlated value of
1.0 is an intrachain phenomena. An increase in g with
mixing should be due then only to factors such as chain
expansion, leading to a decrease in the short range
interaction between polar groups along a chain. Such a
phenomena was observed by Burshtein and Stepanova15 for PpCS
solutions. The g factor was observed to increase from 0.55
in isopropylbenzene, a poor solvent, to 0.77 in toluene, a
good solvent. Intrinsic viscosity measurements confirmed
the nature of the solvents, rising accordingly as g did.
Their seemingly high g values are probably due to use of a
lower model compound dipole moment (1.7 versus 2.21 D) . The
lack of change in the copolymer g factors after blending
with PPO thus indicates that PPO should not be considered a
good solvent for them. This however is expected for
polymer/polymer blends; since the thermodynamics involved
suggest true polymer mixing should be a rare occurrence, and
since experimental evidence indicates that even for
compatible mixtures there is a degree of microheterogeneity
.
Data are presented in Tables 7.2, 7.4 and 7.6 for a
60/40 P ( . 27pCS-oCS) /PPO blend that was molded at 285°C,
above the LCST of the system. The Arrhenius plot for this
sample, if constructed from the values listed in Table 7.4,
lies between and parallel to those of the pure P ( . 27pCS-oCS)
copolymer and the single phase P ( . 27 PCS-oCS) /ppo blend. The
separate phases have thus been "frozen in," and at the
temperatures employed there is apparently not sufficient
mobility to reform a single phase within the time scale of
the experiments. The process of reversal of the phase
separation might be evidenced by curvature to the left with
increasing temperature in Arrhenius plots, since the
diffusion of PPO into the relaxing polar copolymer rich
phase would raise the T
g
and thus lower the frequency of
observation of the dispersion. Such behavior was not
observed for this sample, but this may be a plausible
explanation for some of the observations of Wetton et al. 4
on P(pCS-S)/PPO blends. For samples on the "verge of
incompatibility," curved Arrhenius plots were observed at
temperatures between those of the pure copolymers and
compatible blends. Losses due to interfacial polarization
were postulated as the cause of this curvature. It is here
advanced that diffusion towards a single phase material may
be a more reasonable explanation, especially in light of the
believed improbability of observing interfacial polarization
as discussed later in this chapter.
The normalized loss curve of the phase separated 60/40
P (
.
27pCS-oCS) /PPO sample was surprisingly narrower than that
of the single phase blend (see Table 7.6). Thus phase
separation above an LCST is seen to lead to mixed phases
with a lesser degree of microheterogeneity than the single
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Phase serial. Also observed in Table 7
. 2 is ,^ gfactor for the samp le molded above the LCST
_ ^ ^ ^
due to loss of some of the polar copolymer to the ppo rich
phases, where it does not particioate in m, uni p the observed
relaxation. However, a bimodal dispersion was not observed
and lower g factors were also observed for incompatible
PPCS/PPO blends. This is discussed iater in this chapter,
and is believed to be due to heterogeneity i„ the local
field due to the difference in +-h c „-l j-j.ere .ee the copolymer and PPO
dielectric constants.
Conductivity losses
. The obscuring influence of the
electrically impure PPO was pursued further, indicating that
what appear to be d.c. conductivity effects are not purely
that; an apparent increase in the dielectric constant occurs
simultaneously. Conductivity in a dielectric material may
be modeled as shown in Figure 7.7. For detailed discussion,
consult McCrum et al. 16 The equivalent parallel model for
the material is modified by adding another resistance due to
conduction, r
2 ,
in parallel with the resistance, R due to
dipolar losses. The total resistance R is given by:A
r~
=
r*
+
Ir (7 - 2)
x
K
l
R
2
For the parallel model the loss tangent is written:
tan 5 = l/R
x
C
x
o) (7.3)
C
x
is the capacitance, and w = 2irf is the angular frequency.
Substitution of 7.2 into 7.3 yields a tan 6 composed of two
Figure 7.7 Model for conduction losses.
terms. At high enough temperatures above the dispersion,
dipolar loss beoomes negligible, and tan 6 for induction
may be written:
tan 6 = d/R
2
C
x ) (l/2*f) (7.4)
Thus a plot of log tan 6 versus log f should be linear with
a slope of
-1.0 for pure conduction. it should be noted
that the dielectric constant, given by e • = c /C
, is notX o
affected.
To test the behavior of these materials, a P(.62pCS-
oCS) copolymer and a 50/50 P ( . 6
2
PCS-oCS) /PPO blend were
studied at high temperatures. Figure 7.8 presents the
results of these experiments, in the form of log tan 6
versus log f. The right hand branch of the curves is the
low frequency side of the a dispersion, the conduction type
losses are those seen at low frequencies on the left hand
side of the figure. For the pure copolymer, the slope of
the curves is nearly
-1.0, indicating pure d.c. conduction
type losses. However, adding 50% PPO leads to log tan 6
versus log f plots with a lesser slope. The corresponding
dielectric constant obtained along with these loss
measurements is given in Figure 7.9. For P ( . 62pCS-oCS) , e 1
increases slightly with decreasing frequency. However, e'
for the blend increases sharply at low frequencies. This
behavior is not exemplary of purely conduction type losses,
but probably indicates the migration of electrical
impurities (space charge) with the field, which would have
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Figure 7.8 Conductivity test plots.
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Figure 7.9 High temperature dielectric constants
an associated capacitance. Such charge carriers become con-
centrated at the surface, forming an electric double layer
which introduces a capacitance proportional to the quantity
of the impurities and their mobility. For an alternating
field, the apparent dielectric constant due to such "elec-
trode polarization" effects should very as inverse fre-
quency squared, 22 this large effect is witnessed to be
commencing for the PPO blend in Figure 7.9. it should be
noted that the data presented in Figures 7.8 and 7.9 is
taken at temperatures which are about 70° and 61° above
the calorimetric glass transition for the P ( . 62pCS-oCS
)
copolymer, and only 65° and 54° above the T
g
of the blend.
Thus it is demonstrated that the nature of PPO might lead to
the appearance of higher
£r
- £q for a sample than was due
to the oc relaxation of dipoles along.
By fitting of the data in Figure 7.8 to equation 7.4, a
resistance R
2
can be obtained, and a specific resistivity
R in ohm-cm calculated with knowledge of sample dimensions.
This was done, and the results are plotted in Figure 7.10.
A single run at one temperature for PPO was similarly
treated. By choosing a given value of R, 6.7 x 10 -12 ohm-cm
in this case because it was the only point for PPO, the
temperature this is achieved can be determined from Figure
7.10. This level of resistivity, low enough to obscure
dispersion behavior, occurs 64°C above T
g
for P ( . 62pCS-oCS ) ,
48° above T for 50/50 P ( . 62pCS-oCS ) /PPO and 25° above the
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Figure 7.10 Specific resistivity versus temperature.
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DSC T
g
of PPO. Thus not only does the presence of PP0 cause
pseudo-conduction losses with a capacitive component, but it
causes these losses to occur at temperatures closer to those
of the « relaxation, the feature of interest.
Thermally stimulated currents
. The TSD technique discussed
in Chapters V and VI was applied to PPO and a number of
blends. Details are given in the paper on the work, 17 a
number of the results have a bearing here. For PPO, a
large peak was always observed below T
, regardless of the
poling temperature. Even compared to the glass transition
peak of polar PpCS with measured polarization of 6.2 x 10" 5
2C/m
,
the charge released with PPO was enormous, 2.2 x 10" 3
2C/m
.
The small T
g
peaks of the non-polar PS/PPO blends
studied were thus obscured by this large impurity polariza-
tion, although in some cases a small shoulder peak was
observed for compatible blends at the calorimetric glass
transition temperature. These experiments further demon-
strate the existence of a high level of electrically active
impurities in PPO.
PS/PoCS Blends
Calculations for blends of polystyrene with polyortho-
chlorostyrene were carried out analagously to those for the
copolymer/PPO blends just discussed. Mixtures of the high
molecular weight Monsanto HH101 resin (PS) with PoCS of
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weight fractions 0.2, 0.4, 0.6, and 0.8 were considered.
Blends of 10,000 molecular weight polystyrene (PSloK) of
weight fractions 0.5 and 0.8, and a 0.5 blend of 20,000
molecular weight polystyrene (PS20K) with the same PoCS
were also studied. Results are tabulated similarly to
those for the dielectric experiments already presented.
Table 7.8 gives the dipole moments and related values;
Table 7.9 presents data at each temperature of measurement;
Table 7.10 gives the shape parameters. All calculations
were performed at 150°C. Pure component data for PS and
PoCS is included where appropriate. Dipole moments and g
factors are plotted versus composition in Figure 7.11,
estimation of the limiting dielectric constants was done
from complex plane plots for data as close to 150°C as
possible. As for the copolymer/PPO blends, the dipole cor-
relation factor g remains constant upon mixing. In the
case of these blends, the g as calculated is that for
either PS or PoCS, since for the respective homopolymers
g is nearly identical. This is to be contrasted to the
case of the PPO blends where g was calculated only for the
copolymer component; g for PPO was assumed to be 1.0 for
all compositions. The g value for the highly compatible
non-phase separating PS10K blends seems slightly higher,
but is still the same within error bounds. This is taken
again to indicate that a compatible polymer is not as good
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Table 7.8 ps/PoCS Blends - Dipole Moments
and Related Values at 150°C
weight
fraction
PoCS £ - 2,2R £ u H= (D )
1.0
0 . 8
0.6
0.4
0.2
0.0
3.92
3. 14
2 .83
2. 82
2.72
2. 73
2.99
2.52
2.41
2.51
2.55
2.69
0 . 80
0.65
0.45
0.31
0.17
0.04
0.33
0.35
0. 34
0.35
0.33
0.32
*0.5
*0
. 2
3.27
2.70
2.82
2. 51
0.40
0.19
0. 36
0. 39
**0
.5 2.93 2.54 0.40 0.36
*PS10K, **PS20K
222
Table 7.9 PS/PoCS
- Temperature Dependent Data
weight
fraction
PoCS
0
. 8
0.6
0.4
0.2
*0.5
*0 .2
**0.5
T (°C)
146 .0
150 .2
155.0
161.0
166.2
139
144
150
155
161
166 .0
171.8
179.2
142 . 7
149 .3
155.6
161.0
166. 4
151.5
157. 5
164.4
131.5
138.1
146 .2
152 .0
129.8
136 . 7
142.6
149.1
122.1
132 .2
140 .4
141.2
145.2
149 .6
154 .0
m
0.131
0. 138
0.147
0.152
0.157
0. 076
0.081
0.086
0.089
0.096
0.100
0.101
0.102
0.054
0.057
0 .059
0.064
0 .068
0.062
0.066
0.068
0.035
0.035
0.034
0 .030
0.099
0.103
0.104
0.106
0 .038
0.039
0 .039
0.091
0.091
0.092
0.093
log f
m
1.88
2.36
2.76
3.26
3.70
1
2
2
2
3
3
4
4
77
13
62
85
28
66
00
48
2.14
2.58
2.94
36
70
40
88
50
2.50
2.92
46
92
28
86
34
90
2.14
3.28
3.98
2 .72
3.12
3.46
3.88
m
0. 36
0.38
0.60,0.39
0.68,0.39
0.27,0.45
0. 39
0.37
0.40,0.35
0.55,0. 35
0.63,0.35
0.65,0.39
0.74,0.34
0.29
0.40,0.27
0.50,0.28
0.54,0.30
0.62,0.34
0.38,0.24
0. 54,0.29
0
. 62 ,0. 34
0.40
0 .41
0.41
0.41
0.51,0.41
0.64,0.42
0.68,0.43
0.41
0.48
0.50
0.50,0.41
0.56,0.39
0.71,0.40
0.73,0.45
*PS10K, **PS20K
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Table 7.10 PS/PoCS - Dispersion Curve
Shape Parameters
weight
fraction
width (decades)
PoCS 0.5 0.75 AH/AL a Y
1.0
0.8
0 . 6
0.4
0.2
0.0
2.21
2.42
2.90
3. 31
2.75
2. 37
1.37
1.47
1.84
2.24
1.70
1.51
1.51
1.63
1.34
1.53
1.12
1.44
0.20
0.31
0.39
0.40
0.45
0. 39
0.37
0. 32
0.33
0.30
0. 31
0.26
*0.5
*0.2
2.41
2.51
1.49
1.51
1.32
1.22
0.33
0.42
0. 37
0. 31
**0
.5 2.45 1.50 1.29 0. 34 0. 38
*PS10K, **PS20K
2 PSIOK BLENDS
WEIGHT FRACTION PS
Figure 7.11 PS/PoCS blends - dipole moment and g factor
versus composition.
225
a solvent for another polymer as a in,, i^ x J-Ow molecular weight
monomeric sized solvent can be.
Loss widths of PS/PoCS blends are larger than for the
pure materials, as with the PPO mixtures. This is illus-
trated in Figure 7.12. These loss widths were determined at
the lowest temperatures of measurement, since at the higher
temperatures some blends phase separated. A rather start-
ling effect is, however, observed for the PSIOK/PoCS mix-
tures. The dispersion curves are only slightly broadened
for these blends. Calorimetric experiments in Chapter III
did not, however, evidence narrower transitions, yet those
experiments demonstrated the greater compatibility of such
low molecular blends by their failure to phase separate up
to degradation temperatures. The PS20K/PoCS also exhibits
this behavior. Thus not only are these blends highly stable
with temperature, but they are apparently mixed finer on a
microscopic, molecular level. The dielectric technique is
thus demonstrated to be a method of assessing the actual
degree of polymer-polymer contact. It is, however, not
known how to convert such information into actual "domain"
sizes, the relaxation breadth is thus only a qualitative
probe of the intimacy of mixing. The Cole-Cole parameter,
shown in Figure 7.13, mimics the behavior of the normalized
loss widths.
Narrowing of the dispersions with increased compati-
bility was not observed for blends with PPO. The P(.27pCS-
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OCS)/PPO relaxations were no wider than those of the P(. 462
PCS-S)/PP0 mixtures, even though the former system has a
relatively low LCST while the latter is stable up to
degradation temperatures. MaoKnight et al. 12 observed sub-
stantial broadening of the relaxations of even the highly
compatible PS/PPO blends. However, PS and PoCS are confor-
mational^ similar materials, while PPO was mentioned
previously to exist as a tightly coiled chain. It thus
seems reasonable to envision the greater interpenetration
of chains for PS/PoCS blends than for even highly compatible
chlorostyrene copolymer/PPO mixtures.
It was indicated in Chapter III that the high molecular
weight PS/PoCS blends phase separated at relatively low
temperatures, annealing middle compositions in the DSC at
160° produced two glass transitions. This sort of tempera-
ture range intersects that of the observation of the «
relaxation of these materials, with the available frequency
capability. Thus, phase separation above a lower critical
solution temperature (LCST) could be monitored. Figure
7.14 presents the most obvious manifestation of the phase
separation process, the collapse in width of the loss
curves. Data for a 40/60 PS/PoCS mixture at 150. 3°C are
shown, exhibiting the wide loss curves typical of the
compatible high molecular weight blends. After exceeding
the LCST, the loss curve at 171. 8°C has narrowed greatly
such that it falls approximately on that produced by the
229
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pure PoCS material. The change is however, rather gradual
between these two temperatures. Separation into nearly pure
Phases at this temperature seems to be connoted, the disper-
sion curve of a largely mixed phase might be expected to b
broader. The shape of the phase diagram is not know,
such questions cannot be addressed with certainty. Phas
separation is also demonstrated in Arrhenius plots. Table
7.9 presents two runs for the same 60/40 PS/PoCS blend.
After seeing the highest temperature in the first run, which
is higher than the LCST
,
the sample was run again starting
at lower temperatures. Figure 7.15 illustrates this experi-
ment. It is seen that on the second run, the relaxation
occurs at lower frequencies, consistent with the relaxing
polar phase (PoCS rich) being now of higher T . For no
samples was a bimodal relaxation observed, loss curves did
not exhibit even the hint of a shoulder corresponding to a
second phase of different average relaxation time. The
large polarity difference between PS and PoCS might suffice
to explain this, and separation into nearly pure phases
might again be indicated.
Figure 7.16 presents Arrhenius plots for all the PS/
PoCS compositions studied, on a less expanded scale than
that of Figure 7.15. Well separated lines are not observed
as was the case for the compatible copolymer/PPO blends
(see Figure 7.1). Compositions containing higher than 0.2
weight fraction PoCS are shifted greatly towards the pure
Figure 7.15 Arrhenius plots illustrating phase
separation
.
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Figure 7.16 PS/PoCS blends - Arrhenius plots.
POCS data. This may indicate that at the lowest tempera-
tures of measurement (which the samples had seen for the
entire overnight equilibration period) phase separation may
already be occurring. It is thus possible that the wide
loss curves obtained are simply a sum of curves of slightly
separated phases with close average relaxation times not
local microheterogeneity of compatible mixtures. Or, the
wide loss curves may indicate that the separated polar
phase has a large degree of local concentration fluctuation
within it. This latter concept seems more plausable in
light of the broad loss curves of the copolymer/PPO blends
which are clearly not phase separated as evidenced by
Arrhenius plots. These observations may also indicate that
kinetic factors may be interfering and the equilibrium
degree of either mixing or demixing is not being achieved
within the time scale of the experiments.
Examination of the Fuoss-Kirkwood parameter m in
Table 7.9 for the clearly compatible 50/50 PSIOK/PoCS and
50/50 PS20K/PoCS blends points to differences in behavior
with the copolymer/PPO systems. Here, two straignt lines
best fit the data, thus these single phase blends are more
like the pure materials than the PPO blends were one para-
meter best fit the data. It might be expected that compa-
tible blends of conformationally similar materials would
behave more like the pure materials than compatible mix-
tures of copolymers. The temperature coefficient of e"
m
for
these two low molecular weight polystyrene/PoCS blends is
also much less than that of the PPO blends.
Incompatible Blends
Incompatible blends of 0.2 and 0.6 weight fraction
PPCS with both PS and PPO were studied as a contrast to the
behavior of the compatible and phase separating blends.
Calculations were performed in an analagous manner to
those already described. However, the g value was deter-
mined simply from u = a v „ 2 rrUn
* y u v e g l
x
l y l
where X;L is the PpCS mole
fraction and v± 2 is that for parachlorotoluene.
; The other
blend component is assumed to not participate in the ob-
served relaxation. Tables 7.11, 7.12 and 7.13 list the
results.
As expected, the Arrhenius plots of pure PpCS and PpCS
in the incompatible blends with PS and PPO describe the same
line. Loss widths are close, however, some minor shape
changes are indicated especially for the PpCS/PPO blends.
The reason for these relatively small differences between
the pure PpCS and the blend parameters is not clear.
Calculated g values are the same for pure PpCS and PpCS
in blends with PS. However, a lowering of g with increasing
PPO content is indicated. This is believed to be due to the
loss of validity of the Onsager relation due to the changes
in the field experienced by the PpCS phases surrounded by
PPO which has a substantially different dielectric constant.
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Table 7.11 Incompatible Blends - Dipole Moments
and Related Values at 150°C
weight
fraction
PpCS
PPO Blends
0.6
0.2
PS Blends
3.32
2.25
2.62
2.10
0.72
0 .20
0.26
0.23
0.6
0.2
3. 77
2.87
2.92
2.65
0.72
0.24
0.27
0.28
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Table 7.12 Incompatible Blends -
Temperature Dependent Data
weight
fraction
PpCS
PPO Blends
T (°C)
m log fm m
0 . 6
0.2
PS Blends
0.6
0.2
156.3
162.4
168. 5
178.7
153.4
159 .0
165.5
152
158
165
145.4
150.9
156.3
163.0
0 .176
0.182
0 .182
0 .188
0.034
0.035
0.036
0 .232
0.236
0.228
0 .055
0.054
0 .055
0.058
10
74
34
08
38
92
3. 44
18
80
48
78
42
2.96
3.60
0.45
0.47
0.50
0.55
0.45
0.47
0.51
0.51,0.38
0.68,0.41
0.68,0.48
0.42
0.46
0. 53
0.63
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Table 7.13 Incompatible Blends - DispersionCurve Shape Parameters
weight
fraction
PpCS
1.0
PPO Blends
0.6
0.2
PS Blends
width (decades)
0-5 0.75
1.93
2.22
2.28
1.17
1. 36
1.36
AH/AL
1.41
1.18
1.17
a
0.18
0.29
0. 34
0.43
0.38
0.35
0.6
0.2
2.04
2.28
1.24
1.34
1.46
1.48
0.20
0.26
0.35
0. 36
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As a demonstration of the nature and possible magnitude of
this problem, the composite dielectric constant for a 20/80
PPCS/PPO blend has been calculated by three models.
£
'
= V
l
£
l
+ V
2
£,
2 (7.5)
1
_
V
l v2
e e
T
1
e'
2 (7.6)
£,
2
/e
'l
+ 2
~<>/z\ - 1 ~ v 2 / £ / £ "i= 0 / e'/e\ + 2 \ (7.7)
Here e' is the computed overall permittivity, v
1
and v
2
are
volume fractions, and and e '
2
are the dielectric con-
stants of phases one and two. Equations 7.5 and 7.6 repre-
sent the series and parallel models, respectively; equation
7.7 is a relation given by Kerner. 18 Substitution of values
4.59 and 2.95 for e'
2 ,
as e
R and for PpCS , and 2.05 for
for PPO, along with volume fractions v
1
= 0.82 and
v
2
= 0.18 for a 80/20 PPO/PpCS blends allows calculation of
Ae = eR - £y for the PpCS relaxation. The resulting he is
0.29 from the series model, 0.24 from the Kerner equation,
and 0.11 from the parallel model; the observed value was
0.15. Clearly the local field is heterogeneous, and morpho-
logy will play a strong role. Quantitative interpretation
of the relaxation of PpCS/PPO blends is thus difficult, the
results for PS/PpCS are not affected as much due to closer
dielectric constants.
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For one sample, the 20/80 PpCS/PS blend, a bimodal
relaxation was observed. Although difficult to detect on
plots of loss versus frequency, the complex plane arc exhi-
bited a small hump at the high frequency, low dielectric
constant end. This is congruous with the lower T and
g
dielectric constant of PS.
For none of these incompatible mixtures of phase
separated compatible blends were shoulders on loss curves
observed, as found by Wetton et al. 4 for incompatible
P(pCS-S)/PPO materials. He attributed this trait to inter-
facial polarization of the heterogeneous samples, resulting
in Maxwell-Wagner-Sillars type dielectric losses. To assess
the possibility of such a process occurring with the mix-
tures in this work, a sample calculation of the frequency
of the expected loss for a 20/80 volume fraction PpCS/PPO
blend was made. The following relation is given by Hedvig: 19
e
1
, + A( 1 - v ) («« - e' )
Tmw = —\ _ j . =—7 - r—— (7.8)
a
1
+ A( 1 - v
2
) (a - a
1
)
Tmw - Maxwell-Wagner relaxation time
^2 - Volume fraction component two
a
l /
a
2 ~
con<^uct ^v^ t ^-es
e
1
^,
- permittivities
A - shape factor
The frequency of maximum interfacial polarization loss will
thus be f = l/2TrTmw. At 180°C for PpCS the relaxed dielec-
m
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trie constant «
• 2 =
4 . 6 was assumed, with - , l 0
"13
ohm" 1
l
cm estimated from Figure 7.10, assuming Ppcs to be similar
to the P(pCS-oCS) copolymer. For PPO, ^ = 2 . 0 was used,
with ar 10"
15
ohm" 1 cm" 1 estimated from the data of Reed. 1
The PPO conductivity value in Figure 7.10 is consistent with
the more complete findings of Reed. The shape factor A
was set equal to 0.33 for spherical inclusions. Equation
7.8 contains absolute permittivities, values were thus
multiplied by the permittivity of free space. The result
was f
m
s 2 x 10" 4 Hz. This is far below the range of
frequencies employed. The magnitude of the interfacial
polarization effect depends primarily on the conductivity
difference between phases, the approximate difference for
these materials of 10 2 ohm" 1 cm" 1 is rather insignificant.
It is concluded that the interfacial polarization process
probably has not been a factor in the two phase blends
studied; the small shoulders on loss peaks observed by
Wetton are inexplicable.
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CHAPTER VIII
DISCUSSION AND CONCLUSIONS
The major observations and results of this work are
here summarized. Speculation is made as to why some of the
observed phenomena occur. The compatibility of polymers
is discussed in terms of the method of experimental obser-
vation. Various problems not considered in detail previous-
ly are pondered. Further suggestions for future directions
of study are made.
Summary of Results
The bulk of this work can be considered a natural
extension of the work done by two previous graduate stu-
dents, James Tkacik and Joel Fried. 1 ' 2 Similar to their
purposes, the goal of the studies was primarily the obser-
vation of the compatibility of Poly (2 , 6-dimethyl-l , 4-
phenylene oxide) (PPO) with copolymers among styrene and its
chlorostyrene derivatives. Both Tkacik and Fried studied
the system Poly (parachlorostyrene-co-styrene) (P(pCS-S))/
PPO, making the observation, as did Shultz and Beach, that
the homopolymer poly (parachlorostyrene) (PpCS) does not mix
with PPO; however, by copolymerizing with enough styrene,
P(pCS-S)/PPO blends would become miscible. In addition,
Fried and Chatterjee^ observed the compatibility with PPO
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of certain random copolymers of parachlorostyrene with
orthochlorostyrene (P (pCS-oCS ) ) ; it was the initial purpose
of this work to characterize this latter system, in light
of the immiscibility of PP0 with both homopolymers PpCS and
PoCS. The major contribution of this work was the addition
of temperature as a variable for the homogeneity of these
blends, to the already mentioned copolymer composition axis.
Single phase blends were found to phase separate at elevated
temperatures, indicative of the existence of a lower criti-
cal solution temperature (LCST)
. Much of these studies
thus centered around the characterization of the phase
separation phenomena; additional complimentary information
was provided by discovery and consideration of the compati-
ble pair polystyrene/poly (orthochlorostyrene) (PS/PoCS)
.
Free radical solution polymerizations were carried
out; homopolymers PpCS, PoCS and the 3-chlorostyrene deri-
vative, PmCS, were prepared. Three series of copolymers
were prepared from the respective monomers parachlorostyrene,
orthochlorostyrene and styrene, comprising P(pCS-oCS),
P(pCS-S) and P(oCS-S) type materials. Characterization of
these polymers included copolymer composition determination,
glass transition via differential scanning calorimetry (DSC)
,
and molecular weights via viscosity and gel permeation
chromatography. Reactivity ratios were determined for the
copolymerizations , true random type copolymers were app-
arently produced.
245
The assessment of compatibility of blends was done
primarily via DSC, by the observation of either one or two
glass transitions. Single phase blends were also observed
to be optically clear, heterogeneous mixtures were cloudy.
The glass transition temperature (T ) of miscible pairs
varied monotonically as a function of blend composition,
the T
g
was depressed compared to the predictions of addi-
tivity. Fine structure of thermograms yielded information
on the degree of mixing. Phase separation was character-
ized by annealing experiments in the calorimeter, the
homogeneity or heterogeneity of a blend in the liquid state
could be frozen in for study by rapid cooling, in this
manner the phase separation temperature could be brack-
eted as falling between temperatures of annealing which
yielded single phase and two phase blends.
Blends were prepared by compression molding at the
lowest temperatures possible. Clear films resulted for
P (pCS-oCS) /PPO blends when the copolymer composition was in
the 23-64% pCS range. The phase separation temperature at
these two extremes of copolymer composition was about 220°C,
rising to a maximum of about 300°C at 40% pCS content.
Single phase blends of PPO with P(pCS-S) copolymers resulted
for pCS compositions less than about 75 mole %, where
phase separation occurred at about 220°C. As the pCS
content was lowered from 75%, the phase separation tempera-
ture increased to over 300°C at approximately 60% pCS
content; 60-75% is then the practical transition zone. The
possibility of degradation eliminated the study of LCST s o
"more compatible" compositions; in the other direction,
"less compatible" copolymer compositions might result in
blends that would only be compatible at temperatures below
the PPO T
g ,
thus preventing their consideration. The P (oCS
S)/PPO system behaved identically within error to the P (pCS
S)/PPO blends. High molecular weight PS/PoCS blends phase
separated at temperatures as low as 140 to 150°C. Poly-
styrene of low molecular weight, 10000 or 20000, formed
very compatible blends with the same PoCS
, these mixtures
did not phase separate up to degradation temperatures.
Scanning electron microscopy of P (pCS-oCS ) /PPO blends
indicated that separated phases continue to increase in
size with time above the phase separation temperature,
while DSC experiments indicated phase composition remained
approximately constant.
Dynamic dielectric spectroscopy was used for further
study of many of the blends. Wide « relaxation loss curves
for compatible mixtures indicated microheterogeneity even
though a single dispersion at intermediate temperatures to
those of the pure materials was observed. The very compa-
tible low molecular weight PS/PoCS blends displayed signi-
ficantly narrower loss curves. Calculated dipole correla-
tion factors indicated that in compatible blends no appre-
ciable amount of chain expansion has occurred. For the
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pure coPolymers, the dipole moment was observed to be a fune
tion of oomposition and sequenoe distribution. Results
indioated that intraohain angular dipole-dipole correlations
exist, that PS, Ppcs and PoCS are conformational^ very
similar materials, and that the copolymers were indeed
random. PmCS was observed to be strikingly dissimilar to
PpCS and PoCS.
A summary of the compatibility of the major systems
studied is presented in Table 8.1. These comprise the
permutations between mixtures of PS, PPO and the para and
ortho chlorinated PS derivatives. The indicated range of
compatibility of copolymer systems is based only upon the
samples studied.
Table 8.1 Summary of Systems Studied
Compatible Systems
PS/PoCS
PS/PPO
P (pCS-oCS) /PPO
0.2 3 < copolymer pCS content < 0.65
P (pCS-S)/PPO
copolymer pCS content < 0.76
P (oCS-S) /PPO
copolymer oCS content < 0.72
Incompatible Systems
PS/PpCS
PpCS/PPO
PoCS/PPO
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Speculation on the Miscibility of P (pCS-oCS) /ppo
The observed compatibility of PPO with P(pCS-oCS)
copolymers of pCS content between 23 and 64%, in light of
the incompatibility of homopolymers PpCS and PoCS with PPO
still remains a mystery. The situation is not, however,
unique, a number of other examples in the literature were
discussed and referenced in Chapter I. For example, poly-
vinylchloride mixes with ethylene-vinyl acetate and buta-
diene-acrylonitrile copolymers, and poly (methylmethacrylate)
mixes with s tyrene-acrylonitrile copolymers
. In each of
these cases the two comonomers are quite dissimilar, one is
highly polar while the other is not. It is intuitively
reasonable to envision the "solubility parameter" of the
copolymers undergoing a large change with copolymer compost
tion such that a range is found where that of the other
blend component is matched. However, PpCS and PoCS are
quite similar in polarity, and in their aversion for PPO.
Solubility parameters calculated by the group contribution
method outlined by Krause 5 are slightly different for PpCS
and PoCS, but they do not bracket that for PPO.
The phenomena does not only occur for the chloro-
styrenes; recent work by Dr. R. Vukovic for the correspond-
ing fluoro substituted polystyrenes indicates that PpFS and
PoFS are also immiscible with PPO, but P(pFS-oFS) copoly-
mers of a certain composition range mix with PPO. Without
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including individual data points f.nn^v(annealing experiments)
the behavior is contrasted schematically in FigUre B .l. The
curve for P (pCS-oCS ) /PP0 is the smooth line extracted from
Figure 3.9. Figure 8.2 contrasts the behavior of P(pCS-S)/
PPO and P(oCS-S)/PP0 blends (from Figures 3.11 and 3.12)
with that observed for the corresponding fluorostyrene mix-
tures, P(pFS-S)/PPO and P (oFS-S) /PP0
. Molecular weights
of all materials were similar, the fluorostyrene polymers
were prepared by identical free radical techniques. From
Figure 8.2 it can be inferred that PoFS "nearly" mixes with
PPO, while PpFS has more of an aversion to PPO than PpCS.
The maximum in P(pFS-oFS) miscibility with PPO occurs thus
at lower para halogen comonomer content than the P (pCS-
oCS) case. However, the coefficient of the phase separation
temperature (LCST) with copolymer composition is remarkably
similar for both chloro and fluoro materials. Future
experiments with bromo or methyl substitution, for example,
should prove extremely interesting.
Consideration of the problem in terms of the Sanchez
lattice-fluid theory does not appreciably clear up the
question; mixing may be due to either favorable energetic
interactions as reflected in the x parameter (see equation
1.7), or to matching of the largely entropic equation of
7 8state terms. McMaster contends that the thermal expansion
coefficient is of primary importance, differences of only a
few percent may lead to demixing. Experimental evidence
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sheds little light on the problem. The room temperature
density of P(pCS-oCS) copolymers falls linearly between
the corresponding homopolymer values, which are only slight-
ly different; the T
g
of the copolymers is slightly depressed
compared to that of the homopolymers
. Although these two
facts have no direct bearing, it is thus conceivable that
the thermal expansion coefficient is different for copoly-
mers and homopolymers, and that for the miscible copolymers
it is adequately matched to that of PPO. At this point,
this postulated fortuitous matching of "equation of state-
contributions remains the most reasonable guess as to why
mixing of the copolymers with PPO is observed. Direct
measurement of the thermal expansion coefficient and P-v-T
properties in general is experimentally difficult, but it
is suggested as a course for future research.
The dipole correlation factor g shows a maximum in
approximately the same range of P(pCS-oCS) composition as
the maximum in the LCST of blends with PPO (compare Figures
6.9 and 3.9). This behavior in the g factor implies that
the chlorine dipoles are more aligned in copolymers than in
homopolymers where they tend to cancel. It is thus possible
that such geometric considerations of the copolymer chains
also favor alignment of the phenyl rings so that specific
interactions may take place with the PPO phenylene group
more readily than with the homopolymers. Such specific
interactions might be searched for with vibrational spectro-
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scopic techniques, as done by Wellinghoff et al. 9 for PS/
PPO blends. Comparison of the heat of mixing of a compati-
ble blend with low LCST to one with a high LCST (it re-
quires only a small difference in copolymer composition to
accomplish this) might shed further light on the question
of energetic considerations as the cause of miscibility.
The compatibility of these blends remains now an
unsolved but fascinating problem.
Compatibility and the Level of Mixing as
Observed by Different Experimental fechnlquea
The definition of the compatibility of polymers must
be considered to be dependent upon the technique of measure-
ment. Each method, DSC, dielectric, NMR, visual, etc., is
a probe of a different property of the molecules in question,
and certainly is a probe of a different range of sizes of
structures in each case. As an example from this work,
differential scanning calorimetric experiments indicate
both high and low molecular weight polystyrenes are miscible
with PoCS , both blends yield a single mixed glass transition
temperature of approximately the same width. However,
dielectric loss spectra for the low molecular weight blends
are much narrower than those for the high molecular weight
samples, indicating much better mixing at some range of
sizes of domains. The DSC experiments indicate the greater
compatibility of the low molecular weight blends because
they do not phase separate, however, the same information
on the level of mixing is not provided. Even the dielectric
experiments themselves contain different kinds of informa-
tion applying to different ranges of sizes; the reduction
of the g factor (thus effective dipole moment) from the
value of 1. is due to correlations proceeding just a few
repeat units down the chain, increased loss widths on
blending are due to effects on a larger scale of sizes, and
the temperature (or frequency) location of the « relaxation
is indicative of an apparently even larger event, the onset
of cooperative motion of segments associated with the glass-
liquid transition.
A relative ranking of the equivalent sizes observed
by the various probes seems appropriate. The observation of
two pulsed nuclear magnetic resonance (NMR) spin-spin rela-
xation times (T
2 )
was made by Kwei et al. 10 for polystyrene
/poly (vinyl methyl ether) (PS/PVME) blends which were opti-
cally clear and apparently compatible; only a single spin-
lattice relaxation time (T^) was observed. The T
2
measure-
ments were indicated to represent a probe of the smallest
sizes, two T^ values were not observed until macroscopic
(visually observed) phase separation had occurred. The T^
measurements provide, however, a very sensitive measure of
the composition of the precipitant phases, helping to dis-
tinguish between nucleation and growth and the spinodal de-
composition mechanisms. A new technique described by
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ses
Morawetz called non-radiative energy transfer, promi
also to be a probe of the very smallest domains. Donor and
acceptor chromophores are introduced respectively by copoly-
merization into the polymers to be blended. The measured
fluorescence intensity is then a direct measure of the
average distance between chromophores. This technique bears
considerable promise. Next in the size ranking is the
level of mixing as indicated by the widths of dielectric
and mechanical loss peaks; assignment of a numberical
relative probe size is, however, difficult. Both techniques
also indicate compatibility if the temperature of maximum
loss at a given frequency is intermediate to that of the
two pure unblended components. This latter trait corres-
ponds to the commonly accepted definition of a single
mixed glass transition denoting compatibility. Kaplan13
has assigned 150 A as the probe size for dynamic-mechanical
measurements. The DSC technique represents a yet larger
probe size. Stoelting et al. 14 observed shoulders of
dynamic-mechanical spectra of PS/PPO blends prepared by
molding of powders ground together, indicative of separated
but mixed phases. However, DSC thermograms revealed only
one glass transition. In this work, samples that revealed
extremely wide but single calorimetric glass transitions
displayed distinct phases in scanning electron micrographs.
Phases slightly separated in terms of composition, being
themselves microheterogeneous , must be certainly far apart
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in T
g
to be differentiated by the DSC technique. Matsuo15
assigned 100 A as the distinguishable phase size by scanning
electron microscopy. Samples will appear cloudy to the
naked eye when phase sizes are on the order of the wave-
length of visible light, in the thousands of angstroms.
However, the presence of only 0.01% polystyrene in poly-
(methyl methacrylate) is enough to cause cloudiness in
films, 16 none of the other techniques mentioned are nearly
as sensitive when the minor phase is present at such a low
concentration
.
As an example of a technique that represents yet
another type of probe, Prest and Porter17 have concluded
via rheological measurements that PS and PPO are miscible
on an "entanglement" scale. The notion of intertwined
polymer chains as the definition of compatibility seems to
be an intuitively satisfying concept. The phrase "compati-
ble on a segmental level" is found throughout the litera-
ture, however, in light of the preceeding discussion it
seems ill defined. Consideration of miscibility simply on
the basis of the technique of observation is more appro-
priate.
Compatibility as Affected by Sample Preparation
The techniques of preparation of blends will have an
effect on the observed results. As just mentioned, Stoelting
et al.
1
^ observed partial separation of what now seems to
257
be a highly miscible pair, PS/PPO, in blends prepared by
grinding powders together. A lower critical solution tem-
perature has not been located for the PS/PPO case even for
the highest molecular weight samples available. Adequate
time for interdiffusion while in the melt state during
molding probably was not allotted. The coprecipitation
technique provides what appears to be molecularly mixed
blends, unmolded powders of compatible mixtures still
exhibit only a single T
g
on first heating in the calori-
meter. Significantly, a coprecipitated PpCS/PPO powder
displayed two T
g
' s on first heating. Freeze drying of
samples from dilute solution can provide even better mixing,
18Shultz and Mankin inferred intimate mixing between incom-
patible polystyrene and poly (methyl methacrylate) (PMMA)
by the observation of synergistic protection from radiation
degradation for compacted freeze dried powders as compared
1Qto coprecipitated powders. Ichihara et al. prepared
clear films by room temperature molding at high pressure of
freeze dried mixtures of incompatible PMMA and poly (vinyl
acetate) , such films quickly became two phase above T .
It is possible that the pressure used in molding in
this work produced apparently compatible films when the
equilibrium situation is a two phase system as ambient
pressure. Both the Sanchez 20 and McMaster
8 theoretical
treatments indicate the lower critical solution temperature
should increase with pressure; experimental observations of
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polymer solution LCST s indicate a rather enormous pressure
coefficient of approximately an increase of 0.5°C per atmos-
phere. The highest pressures attained in molding here were
20000 lbs. spread over 36 square inch plattens, or about
40 atm. It is possible that the high molecular weight
PS/PoCS blends were induced into compatibility by the
pressure applied during sample preparation. An experiment
was performed with a 50/50 P ( . 62pCS-oCS) /PPO blend to test
the effect of pressure; samples were molded approximately
10° above the DSC determined phase separation temperature
between one square inch plattens, pressures up to 2000 atm.
were achieved. However, all films thus produced were
cloudy. The pressure coefficient of the LCST should be
expected to be lower for polymer/polymer mixtures than
polymer/solvent mixtures since polymer compressibilities
are lower in the temperature range of interest; however,
the careful experimental study of the pressure effect on
polyblend LCST 1 s is suggested as an important direction for
future work.
Comments on the Compatibility
of the PS/PoCS System
It is possible that the high molecular weight PS/PoCS
blends have an equilibrium LCST at or even below that of
the PoCS T ; coprecipitation followed by compression
g
molding may have induced one phase mixtures. The dielectric
259
evidence (Arrhenius plots) indicates phase separation may
already be starting at the lowest temperatures of measure-
ment, about 140'C The low degree of mobility of the poly-
mers just above T
g
(the diffusion constant should be pro-
portional to inverse viscosity 25
) may account for complete
phase separation (narrow loss curves) apparently not
occurring until higher temperatures. Furthermore, heat of
solution measurements of PS/PoCS blends indicate a small
positive heat of mixing for 50/50 blends of about 150
joules/mole. 23 This is to be contrasted to the favorable
negative heat of mixing about 400 joules/mole for PS/PPO
blends. 23 A total heat of mixing of about -750 joules/moles
is measured, however, the depression of the blend T leads
to a contribution of about 3 50 J/mole to this total for a
50/50 PS/PPO mixture. Also, changes in infrared bands in-
dicative of strong specific interactions were not found
for PS/PoCs blends 4 as they were for PS/PPO blends. 9 The
PS/PoCS system at high molecular weights appears to be
barely compatible.
The inability to reverse phase separation by prolonged
annealing at 135°C (discussed in Chapter III) also seems
to indicate an extremely low equilibrium LCST. However,
2 6kinetic factors must not be overlooked. Gilmore has
measured the diffusion constant for the PS20K/PoCS system,
by monitoring the concentration profile with time of the
interface between PS and PoCS films via scanning electron
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microscopy in conjunction with the X-ray analyzer described
in Chapter IV. The value obtained at 105°C of D = 2.3 x
1CT 4 cm2/sec indicates the severity of the mobility pro-
blem. As a rule of thumb, the diffusion constant times the
time divided by the distance traversed squared is approxi-
mately equal to one; 26 thus for the indicated D value the
time needed to diffuse one micron (1(T 14 cm) is about 4.4 x
10 5 sec, or a little over five days. Furthermore, with an
activation energy of about 12 kcal/mole for diffusion, 26
at 135°C D would be about half that at 150°C, and an even
lower D should be expected for the higher molecular weight
PS. Fifteen minute annealing experiments in the calori-
meter, and even the one hour period between dielectric
frequency scans, may not be nearly long enough time spans
for samples to have reached any sort of equilibrium with
regard to the level of mixing. This knowledge adds further
plausibility to the notion of the equilibrium LCST being
very low for the PS/PoCS system. However, the kinetic
considerations may also preclude any definitive experimental
answers to the questions raised about these blends.
No evidence was found in any of this work for UCST
behavior, however, it is seen that kinetic factors might
make such observations impossible.
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Further Suggestions for Future ResBamh
No evidence has been found in this work to quantita-
tively support the spinodal decomposition mechanism, or the
possibility of glass transitions being dependent of the
size of phases. However, the appropriate experiments have
not been conducted, and systems of the kind discussed here
might be quite amenable to such studies. Low temperature
relaxation behavior of the blends has not been studied,
such work could provide valuable information. Measurement
of ultimate mechanical properties correlated with detailed
morphological observations would make for an extremely
rewarding study. Finally, a number of possibilities for the
study of ternary polymer systems exist. For example, it
might be interesting to see if adding increasing amounts
of low molecular weight polystyrene to incompatible PoCS/
PPO mixtures would result in the formation of a single
phase three component blend. Preliminary solvent casting
experiments with a similar system, PS/PVME/PPO, indicated
that a ternary mixture would not be homogeneous unless
almost entirely composed of PS. Inclusion of copolymers
into such schemes furnishes a huge number of candidates for
study.
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APPENDIX I
00 100 FFCGF.AM LLAST£Q( INPUT* GLTPIT, TAF 1- 1 )W 1 10 £X=0.
00 120 £Y=e.
C0 130 £XY=G.
00140 £XX=0.
00 150 SYY=0.
00 172 l;j=0.
00 180 10 F.£AL< \» ) I,X,Y
00193 I F(X. EG. 999. ) GO TC 20
00200 SX*SX + X
00210 SY=SY+Y
00220 SXY=£XY + CX*Y)
00230 £XX = SXX + (X*X)
00 240 £YY = £YY + ( Y* Y
)
00 250 EN • EN + 1.
00260 GC TC 10
00270 20 Bl«<<£N*SXY)-CSX*SY))/<CEN*SXX)-<SX*SX))
00290 E0 = SY/EN - (E1*SX)/EN
00300 A= SYY- 2. *E0*SY+ 2. *L1*EG*SX
003 1 0 E= E1*E1*SXX- 2.*L1*SXY+ E0* E0* EN
00320 SEE=SQF.T( C A+E) /( EN- 2. ) )
00330 PRINT 30
00340 30 FCniAT<* SLOPE INTERCEPT STL EFF EST*
)
00360 PRINT 40, £
l
j E0, SEE
00380 40 FORMAT C F 1 1 . 5, 2X, Fl 1 . 5* 2X, El 1 . 5 )
00 39 0 EN L
READY.
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00 100
00 1 1 0
00 I 20
00 I 30
00 1 40
00 1 50
£0 1 60
00 170
00 180
00 190
00200
00210
00220
00230
00 240
00250
00260
00270
00 28 0
00290
00300
00310
00320
00330
00340
00 350
00360
00370
0038 0
00390
00410
00420
00430
00450
00460
00470
REALY.
12.321
PROGRAM GPC( INPUT, OUTPUT, TAPL 1
)
RLALC lj ) I, RN
PRINT 20, FN
20 FORMATS RUN NC*,2X,F5.1)
SUMN = 0.
SUMNM = 0.
SUMNMM = 0.
SUMNMMM = 0.
30 F.LALC 1, ) I , VR, C
I F( VR. EQ. 999
. ) GC TC 40
ALCGM = (- .05 609) * VR +
ENM = C
EM = 10.** ALCGM
EN = ENM /EM
ENMM = ENM * EM
ENMMM = ENMM * EM
SUMN = SUNN + EN
SUMNM = SUMNM + ENM
SUMNMM = SUMNMM + ENMM
SUMNMMM = SUMNMMM + ENMMM
GC TC 30
40 AMN = SUMNM /SUMN
AMV = SUMNMM /SUMNM
SUMNMMM /SUMNMM
= AMV/AMN
= AMZ/AMW
AMZ =
AMWL1
AMWL2
PRINT 5 0
VT AV5 0 F CRM AT ( *N 0 AV
PRINT 60, AMN, AM W, AMZ
60 FORMAT < E9 . 4, 3X, E9 . 4, 2X, E9. 4)
PRINT 70
7 0 FORMAT (*MV/MN MZ/MW*)
PRINT 80, AMWL 1, AMUL2
80 F CRM AT ( F6. 3, 2X, F6. 3)
100 CONTINUE
END
Z AV* )
00 1 00 21.
00 I 10 1 24. 4, c* 5
00 1 20 1 26. 4, 9 . 5
00 1 30 1 28 . 4, 24.
00 1 40 1 30. 4, 50.
00150 1 32. 4, 87.
00 1 60 1 34. 4, 1 30.
00 170 136.4, 1 62. 5
0019 0 1 38. 4, 173.5
00200 1 40. 4, 1 65. 5
00210 142.4, 1 42.
00220 1 44. 4, 1 1 4.
00230 1 46. 4,88.
00240 I 48 . 4, 63.
00 250 150. 5, 45.
00260 152. 5, 30. 5
00270 154. 5, 20.
00 28 0 156. 6, 12.
00290 158.6,8.
00300 1 60. 6 j 4. 5
00310 1 62. 6, 3.
00320 1 64. 6, 1.5
00330 1 66. 6, 1
.
00340 999.
REAtY-
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00 1 00
00 102
00 104
00 1 10
00 1 1 2
00 1 I 4
00 1 I 6
00 1 20
00 1 30
00 1 40
00 1 50
00 1 60
00 170
00 180
00 190
00 194
00200
002 1 0
00220
00222
00230
00240
00250
00260
REALY.
PFCGFAM LFILEUNFUT, OUTFIT, TAP LI
)
PRINT 222
REAL, THI CK
REAE( I, ) I , Fi\i , TEMF
PRINT 200
FRINT 210, RN, TEMF, THICK
PRINT c c 2
1 20 REALC 1, ) I, FFEC, L, C
I F ( F REG . EG. 999
. ) GO TO 250
CC = (565. /TKI CK) + 9.
TAN £ = L * .000 1 * FFEG
ALCGF = ALCG10CFFEG * 1000.)
TANLSG = TANL * TANL
epri = c /< cc * <i. + tan lsg )
)
ELELPRI = EFRI * TAN L
FFINT 230, AL CGF, TANL, EFFI, LLLLPFI
200 F CFMAT ( * RUN N C TEMF TKI CK* )
F CRMAT ( F5. 1, 5X, > 5 . 1, 4X, F5. 2)
F QRMAT< *L CGF TANL EFEI
F GPilAT <*TH I CKN ESS IN NILS* )
F CRMATC F5. 3, 3X, F9. 5, 2X, F5. 2, 2X, F7
.
GO TC 1 22
250 CONTINUE
EN L
210
220
222
220
LLLLPFI*
)
00 100 1 1 2 .,169 . 7
00 120 100 ., . 38, 141.5
00 130 50. , .97, 1 42. 03
00 1 40 20. ,3.15 , 142.5
00 150 10. ,7.14 , 143.
00 1 60 7., 10.9, 143. 15
00170 5., 16. 3, 1 43. 47
00 18 0 3., 29. 6, 143.83
00 190 2., 48 . 9, 1 44. 21
00200 1 ., 109. , 144. 79
00210 . 7, 164., 1 45. 16
00220 . 5, 243. , 1 45. 57
00230 . 3, 430. , 1 46. 2
00240 . 2, 68 0.
,
146. 62
00250 . 1, 1 48 . , 1 47. 56
00260 . 07 , 2220., 148.
00270 .05 , 3200., 148.
00 28 0 999 •
REALY.
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00 122
22 I 1 0
22 1 20
00 1 30
00 1 40
00 1 50
00 1 60
00 1 70
00 180
00 190
00200
002 10
00220
00 230
00240
00250
00260
00270
00280
00 29 0
00300
003 10
00 3 20
00330
00340
00350
00360
00365
00370
00 38 0
02 39 0
00400
00410
00415
00420
00430
EEAEY
.
PROGRAM N CFMALLC INFUT, OUTPUT, TAFE 1 )
PRINT 10
1 0 FORMAT<*THI CKNESS, EEPMAX, L GGFMAX, EFMAX* )
HEAL, TH I CK, ELPMAX, FMAX, EFMAX
PRINT 20
20 FORMAT <*EU, ER MINUS EL*)
REAL* EU, ERMEl)
PFINT 30
30 F CRMAT ( * RUN NO TEMP*
)
FEALC 1 , ) I* RN, TEMP
PFINT 40, FN, TEMP
40 FCRMATC F5. 1, 3X, F5. 1)
PRINT 60
60 F CFMAT ( *L CG F INVCGSH LGGCF/FM) NEFF.I NEEPRI*)
70 F.EAL( 1, ) I, FREC, L* G
I F( FREG. EG. 999 . ) GG TG 90
CG = (565. /THI CK) + 9.
TAN L =L * . 000 1 * FREG
ALCGF = ALC3 10< FREG* 1000.
)
XAXIS = ALCGF - FM AX
TANGSG = TAN L * TANL
EFRI = C/CCO*C l. + TANCSO))
ELELPF.I = LPPI * TANL
YAXIS = ELELPRI /ELPMAX
X = C2. + ( I • /< EPMAX* LPMAX ) ) )
XX = ( 2.+ ( 1 . /( EPRI*EPFI ) )
XXX = (X/XX) /YAX I £
YY = AES ( < XXX* XXX ) - I .
)
Y = SQRTCYY)
COSHI = ALCGCXXX Y)
EPN CRM = < EP RI - Ell ) / EFM EL'
PRINT 80* ALGGF, CC£HI*XAXI S* EPN GFM, YAX I S
80 FGFMAT( F5. 3, 2X, F6. 3* 2X, F6. 3, 4X, F5. 3, 2X* F5. 3)
GC TC 70
90 CONTINUE
EN L

